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This dissertation has investigated the early stages of both topographical and compositional evolution of 
ion-induced nanopatterning on GaSb utilizing in-operando Grazing-Incidence Small-Angle X-ray 
Scattering (GISAXS), X-ray Photoelectron Spectroscopy (XPS), and Low Energy Ion Scattering 
Spectroscopy (LEISS) techniques, the effects of both cryogenic and high temperatures on ion-induced 
nanopatterning of GaSb, and utilized the developed in-operando XPS and LEISS techniques to investigate 
the previously reported ion-induced nanopatterning of the Au-Si system. The development of the in-
operando compositional techniques has given new abilities to investigate the compositional evolution of 
material surface with high temporal resolution and has the ability to be used as a process control in a wide 
variety of material systems.  
To study the topographical evolution of ion-induced nanopatterning of GaSb, in-operando GISAXS 
experiments were performed on GaSb during 500eV Ne+, Ar+, and Kr+ ion irradiation before and during 
the early stages of nanopattern formation. Results show that for all ion conditions, an ion threshold 
fluence must be reached before ion-induced nanopatterning begins, with the topographical response of the 
surface before nanopattern formation shown to be minimal. The lack of overall coarsening on the GaSb 
surface before ion-induced nanopatterning suggests that a topographical instability is not the primary 
mechanism driving nanopattern formation. The work shows that likely compositional-driven instabilities 
are the primary driving mechanisms leading to the initial development of ion-induced nanopatterning and 
motivated the in-operando XPS and LEISS compositional studies. 
The in-operando XPS and LEISS experiments of GaSb under ion irradiation are the first experiments to 
investigate the compositional evolution with high temporal resolution before and during the early stages 
of ion-induced nanopatterning. The rigorous development of these techniques, specifically with the 




regions, show the importance of understanding the information depth of the techniques used with surfaces 
that have a non-uniform depth profile. The combined in-operando XPS and LEISS studies done in this 
dissertation show that just before ion-induced nanopatterning formation, the very surface is highly 
enriched with Sb (>70%) and that the sub-surface region is Ga enriched. This non-uniform depth profile 
is very consistent with the expected profile caused by ion-induced Gibbsian segregation as being the 
primary compositional driving mechanism at the surface of GaSb before ion-induced nanopatterning 
begins. In addition to the in-operando XPS and LEISS experiments, a massive-scale MD simulation – led 
by Mike Lively – of the GaSb surface under 500eV Kr+ ion irradiation was performed, with a pre-
constructed compositional depth profile based on the previous experimental works. These MD results, 
combined with the known topographical and compositional surface evolution measured with the in-
operando techniques, suggest that ion-induced segregation of Sb to the surface creates the compositional 
gradient necessary for Ga and Sb phase separation to occur. Additionally, this phase separation is 
predicted based on the phase diagram of GaSb; GaSb only exists as a 1:1 stoichiometric compound and 
any deviation would result in phase separation. This phase separation leads to the formation of Ga and Sb 
cluster formation in the sub-surface of GaSb and ultimately leads to a sputter shield type mechanism 
resulting in the cone-like nanofeatures observed. 
In addition to the in-operando characterization studies, a survey experiment was performed on ion-
induced nanopatterning of GaSb at cryogenic and high sample temperatures. The results for this study 
were a bit unexpected, especially for the room temperature irradiations of GaSb. Specifically, no ion-
induced nanopatterning was observed for 500eV Ar+ irradiations under 100C and for 500eV Kr+ 
irradiations under 300C, despite going up to an ion fluence of 2E18cm-2 – well past the ion fluence 
threshold for nanopatterning. However, for the high temperature patterns that did form, the diameter and 
height of the nanofeatures, as measured with AFM, are shown to increase drastically with increasing 





The last experimental investigation for this dissertation was the investigation and process control 
experiments looking at ion-induced nanopatterning of the Au-Si system. The purpose of this chapter was 
to look at the compositional evolution of the Au-Si system up to the expected formation of ion-induced 
nanofeatures and to utilize the developed in-operando XPS and LEISS techniques as a process control for 
stopping ion irradiation at specific Au surface compositions. The partial removal results showed that the 
in-operando XPS and LEISS techniques were both successful in controlling the amount of Au removed 
from the Au-Si system, generally being within 15% of the target compositions. As for the ion-induced 
nanopatterning results from the Au-Si system, no nanofeatures were observed for the primary experiments 
looking at 1keV Kr+ and 500eV Ar+ irradiations. In quantifying the Si2p and Au4f XPS peaks versus ion 
fluence, it was also found that the peak shifts correspond to changes in the surface charge state and not to 
the formation of a metastable gold silicide. Additionally, broad beam irradiations were performed with a 
source known to produce Mo contamination. These results show that nanofeatures form when Mo 
contamination is present on the surface. These results suggest that the lack of gold silicide formation 
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Chapter 1: Introduction 
 
 
Ion-induced nanopatterning was first observed in 1962 by Navez et al on glass substrates [1]. In this 
work, the group was able to induce ripple nanopatterns on the glass substrates by using grazing incidence 
ion irradiation. Since this initial discovery, experiments were performed on a wide range of materials, 
ranging from metals, insulators, semiconductors, and amorphous samples [2]. This top-down technique 
for creating nanopatterns on a wide variety of surfaces is a scalable and maskless process, providing an 
alternative approach in nanotechnology fabrication. 
Currently, the field of ion-induced nanopatterning is positioned where theoretical models and 
computational programs are attempting to describe ion-induced nanopatterning and understand the 
driving mechanisms behind this process. Along with theoretical work, experimental work has highlighted 
the complexity and limitations of the process. While there have been significant computational, 
theoretical, and experimental studies performed on ion-induced nanopatterns, several key mechanisms 
remain unclear for various material systems, including multicomponent semiconductors. This missing 
knowledge prevents a predictable advancement of nanomaterials by design from a maskless technique 
that exploits self-organization of atoms across multiple spatio-temporal scales.  Ultimately, this results in 
lack of control the nanopatterning order and characteristic feature sizes that are linked with material 
properties and ultimately material performance. Deciphering these mechanisms motivates the 
investigation of surface evolution, in both surface topography and composition, during ion irradiation by 
utilizing novel and in-situ characterization techniques.  A plethora of experiments and computational 




of the material surface [3-11].  Other ion-induced nanopatterning studies have also demonstrated the 
importance of fluence-driven and stress-induced mechanisms in nanopatterning. 
1.1 Topographical changes of multicomponent semiconductors under ion irradiation 
 
From Navez’s initial discovery, the field of ion-induced topography changes – eventually leading to ion-
induced nanopatterning in 1999 [12] – has taken off, with nanopatterns discovered on a wide variety of 
materials, including metals, insulators, and semiconductors [2]. The experimental results showing ion-
induced topography changes wasn’t met with a rigorous theoretical description until Sigmund’s theory of 
sputtering was developed in 1969 [13], leading to Sigmund’s theory of micro-roughening by ion 
bombardment in 1973 [14]. Since then, development of theoretical mechanisms and models has been 
attempting to explain the mechanisms driving ion-induced nanopatterning.  
1.1.1 Theoretical mechanisms and models 
 
The field of ion-induced nanopatterning relies heavily on theoretical descriptions in order to explain the 
specific mechanisms that lead to nanopattern formation of material surfaces. Unfortunately, most 
experimental measurements cannot directly show these mechanisms at play, but rely on probing the most 
relevant surface properties and making connections through theoretical models. This is due to the 
limitations surrounding experimental measurements during ion irradiation, specifically that the 
measurements cannot directly measure local sputtering and redeposition at the nanofeature spatial scale, 
the lateral motion of atoms at the surface, and the composition of individual nanofeatures. Theoretical 
models also tend to apply to specific material systems in which they are validated, such as single 
elemental materials like Si. In addition, these models are generally based around three main effects: 





1.1.2 Erosion based mechanisms and models 
 
Erosion-based mechanisms were the first developed theories to describe ion-induced nanopatterning. 
Erosion based models are typically based on Sigmund’s formulation of ion-induced micro-roughening 
[14] and have been quite successful in describing ion-induced nanopatterning on silicon surfaces [15].  
The Bradley-Harper model is the most used theoretical description to explain ion-induced nanopatterning, 
and is based directly on Sigmund’s formulation of ion-induced micro-roughening [16]. The Bradley-
Harper model argues that energy deposition due to ions at a trough tends to erode the surface faster than 
ions incident on a crest. This brings up the notion of curvature dependent sputtering, and has been widely 
used in describing ripple pattern formation, visualized in Figure 1.1.  
 
Figure 1.1: Energy deposition (contour lines) of ion incident on a trough 
(left) and a crest (right) of a material surface [16].  
 
The Bradley-Harper model has been prolific enough that several corrections and higher order terms have 
been introduced to the governing equations in order to explain different systems under ion irradiation. 
One of the more significant corrections is the Carter-Vishnakov correction, which accounts for effects due 
to re-deposition of sputtered material back to the target surface [17]. This introduces re-deposition as a 




how these nanopatterns form initially. Other continuum model approaches have been developed, and can 
differ significantly from the Bradley-Harper model by including non-linear terms [15].  
Erosion based mechanisms and models have had significant success in describing ion-induced 
nanopatterning in quite a few material systems. However, the validation of these models with experiments 
is typically performed after ion-induced nanopatterns are formed, with direct comparison of measured 
topography, via microscopy, with computational results [15]. This is due to the fact that measuring local 
sputter and re-deposition rates at the very surface is not currently experimentally feasible, and reveals a 
gap between the results available to experiments and the information and mechanisms used in theoretical 
models. In addition, theoretical models rely on validation with experimental results after nanopatterns 
have formed, and do not look at the evolution of either topography or composition, especially at the early 
stages of ion-induced nanopatterning.  
1.1.3 Surface diffusion mechanisms and models 
 
Apart from sputter erosion mechanisms, the surface currents of adatoms have also been theoretically 
proposed as potential mechanisms directly involved in ion-induced nanopattern formation. Effectively, 
the preferential motion of surface atoms due to surface potentials or even crystallographic effects can lead 
to nucleation of nanofeatures during ion irradiation, ultimately leading to nanopattern formation [2]. In 
particular, materials that have inherently high surface diffusivities, such as metals, tend to stay crystalline 
during ion irradiation, whereas materials with lower surface diffusivities, such as semiconductors and 
insulators, tend to become amorphous at the surface [2]. The crystallography of the surface typically 
dictates which mechanisms are dominant, erosive mechanisms for amorphous surfaces and surface 
diffusion mechanisms for crystalline surfaces. As such, dominant surface diffusion mechanisms tend to 
apply primarily to metallic materials, or high-temperature experiments on materials with low room 





The Ehrlich-Schwoebel barrier describes the potential for surface atoms against an atomic step edge, 
showing that it is energetically favorable with a surface atom to climb a step edge than it is for the surface 
atom drop from a step edge. This leads to the formation of nanofeatures, and ultimately nanopatterns, due 
to the formation of step edges via sputtering and the enhanced surface diffusion imparted by ion 
irradiation. Also, due to the crystalline nature of the surface, most ion-induced nanopatterns in the high 
surface diffusion regime tend to order along crystallographic directions [2].  
1.1.4 Compositionally driven mechanisms and models 
 
Multicomponent materials, or surfaces that have a co-deposition of impurity atoms at the surface, are also 
influenced by sputter erosion mechanisms and surface diffusion mechanisms, but with the additional 
complexity arising from the differences in how the constituent atoms respond to ion irradiation relative to 
each other. This adds several compositionally driven mechanisms, typically combining both erosive and 
surface diffusion effects, culminating from preferential sputtering, segregation, surface composition, and 
relative surface diffusivities.  
Impurity-seeding occurs when a deposition flux of impurity atoms is introduced, whether accidentally or 
purposefully, to a material surface under ion-irradiation [19]. Typically, the impurity atom has a smaller 
sputtering yield than the original surface, and is able to nucleate on the surface and effectively form 
sputter shields. These sputter shields erode slower than the surrounding surface, forming the initial 
variation in height that ultimately leads to nanopattern formation and are typically made from cone-
shaped nanofeatures. Impurity seeding has been investigated in a number of material systems, but the 
most notable example comes from ion-induced nanopatterning experiments of silicon. Silicon was 




while models and other experiments showed no pattern formation. This contention between the groups 
continued until impurities were discovered to be the cause [20].  
Similar to impurity-seeding, sputter cone formation occurs when the sputtering yield of one constituent 
atom is lower, on average, than the other constituents [21]. If the constituent atom with the lower sputter 
yield is able to nucleate, has a high enough surface diffusivity, then this leads to sputter shield formation 
similar to that seen from impurity-seeding, but inherent in a multicomponent system without the need for 
an external impurity atom flux. This mechanism, just as in impurity-seeding, requires a constant flux of 
sputter shield atoms to the surface. However, unlike impurity seeding, this flux of sputter shield atoms 
needs to come from the material itself, typically through compositional segregation or ion-enhanced 
diffusion of constituent atoms near the surface.   
This notion of segregation leading to ion-induced nanopatterns is further developed in models created by 
Le Roy et al [3], Bradley and Shipman [4], and Norris [5]. These models show the complicated nature in 
how the compositional and topographical evolutions of a multicomponent system are ultimately coupled. 
This drives the need to experimentally measure these evolutions during the early stages of ion-induced 
nanopatterning.  
1.2 Compositional changes of multicomponent semiconductors under ion irradiation 
 
Ion irradiation of multicomponent systems is known to lead to compositional changes of the target 
surface. The mechanisms for driving these compositional changes depend on both the collisional 
processes imparted by the ion irradiation – measured in the form of preferential sputtering, collisional 
mixing and recoiling, and implantation – and the complex interplay between the ion kinematics and 
thermodynamics of the material system – observed in the form of segregation and diffusion. A good 
overview of these processes can be found by Malherbe [22, 23], including an in-depth discussion on the 




1.2.1 Preferential sputtering 
 
The first comprehensive theoretical framework for sputtering was introduced by Sigmund in 1969 [13]. 
This initial description only considered elemental systems, but laid down the framework for describing 
sputtering on the basis of making the minimum number of assumptions, especially eliminating those 
based on experiment. From Sigmund’s theory of sputtering, several theoretical works were formed to 
describe sputtering in multicomponent systems, using different assumptions and approaches.  
In order to accurately describe preferential sputtering, all of the significant mechanisms driving 
compositional changes of a particular material system under ion irradiation need to be accounted for, 
including segregation and diffusion terms. This adds complexity to the problem of describing preferential 
sputtering in general; different material systems – e.g. metals versus oxides – behave quite differently 
under ion irradiation. Figure 1.2 shows the complexity of the composition depth profile depending on 





Figure 1.2: composition depth profiles for various ion-irradiation 
composition mechanisms, including preferential sputtering, segregation, 
and diffusion based mechanisms [24].  
 
As such, the presented compositional mechanisms discussed are limited to compound semiconductor 
systems, and a comprehensive review of preferential sputtering for a large number of material systems 
can be found by Betz and Wehner [25]. One of the most widely used descriptions of preferential 
sputtering was developed by Sigmund [26], under the framework of a linear cascade regime and adding 
surface binding potentials that were not previously added by Haff’s mass-dependent model [27]. The 





Figure 5.2.  (a-h) High-fluence implantation profiles for ions with the range distribution shown in (a).  
The influence of sputtering, preferential sputtering, recoil implantation, cascade mixing, diffusion, 
gibssian segregation (surface segregation), and radiation-enhanced segregation is shown [102]. 
 
All these processes can be activated by temperature and in liquid metals can be quite rapid.  
Althoug  Gibbsian segrega  is onsidered p rely  thermodynamic process, it is 











)!!!!  Equation 1.1 
Here, the ratio of the sputtering yields is described for a binary system composed of A-B in terms of the 
mass of the constituent atoms, M, and the surface binding potential U. The term m is a result from using 
the power cross-section in the derivation. Equation 1.1 shows the behavior of preferential sputtering of a 
binary system, without secondary effects, as being dependent on surface composition, constituent mass, 
and the surface binding energy of each constituent atom. A detailed discussion on the role of constituent 
mass versus surface binding is given by Kelly [28]. However, this model cannot account for any other 
mechanism driving composition change near the surface, the so-called secondary effects by Sigmund, and 
is not accurate in describing material systems undergoing significant segregation, diffusion, or collisional-
mixing. In order to develop an accurate description of preferential sputtering for the GaSb system, 
segregation and diffusion mechanisms need to be discussed in the context of preferential sputtering. 
1.2.2 Segregation and diffusion processes involved in preferential sputtering 
 
As seen in Figure 1.2, incorporating different processes that influence the composition profile at the 
surface ultimately change how the surface composition evolves with ion irradiation. Several works have 
investigated the role of these different processes, combined with ion irradiation, including Gibbsian 
segregation [29-31], radiation-induced segregation [32, 33], radiation-enhanced diffusion [34], and 
collisional mixing [34], with comprehensive reviews given by Sigmund and Lam [29] and Malherbe [23].  
Segregation mechanisms under ion irradiation include Gibbsian segregation and ion-induced segregation. 
Gibbsian segregation, as described by Kelly, involves the minimization of the surface free energy as 











With ci,b being the bulk composition of constituent i, ci,s being the surface composition of constituent i, Q 
being the heat of segregation, and kT is the Boltzmann factor observed in Arrhenius relations. Q, the heat 
of segregation, can then be evaluated in terms of chemical binding energy or strain energy (or both) 
depending on which is more significant in the system [30]. The Arrhenius relation showed in Equation 
1.2 typically applies to high-temperature systems, however the energy imparted by ion irradiation can 
drive Gibbsian segregation, a so-called radiation-enhanced segregation. So far in the discussion of 
dominant mechanisms driving composition changes, defects have yet to be discussed. Radiation-induced 
segregation, as described by Lam, is induced by the creation and coupling of vacancy and interstitial 
defect currents caused by ion displacement. This process, while quite difficult to model mathematically, 
gives rise to a segregation process that can be present for larger fluences of ion irradiation [31].  
Diffusion processes are typically the dominant transport mechanisms for constituent atoms at lower 
temperatures, typically between 0.2Tm and 0.6Tm, where segregation effects are negligible [31]. Like 





𝑍(𝑣!𝑐! + 𝑣!𝑐!)  Equation 1.3 
 
Here, DA is the diffusion constant for constituent A, Z is the coordination number, cv and ci are the 
concentrations for vacancies and interstitials, and vv and vi are the jump frequencies for vacancies and 
interstitials, respectively. Equation 1.3 is derived without the consideration of ion irradiation, but when 
ion irradiation is considered, the form of Equation 1.3 shows a clear enhancement to diffusion as point 






1.2.3 Models for composition depth profiles under ion irradiation 
 
With the effects of composition and segregation, several groups formed numerical simulations in order to 
theoretically investigate the composition depth profile of materials under ion irradiation [35, 36]. 
However, numerical simulations are not ideal when comparing to experiment. Ho developed an analytical 









  Equation 1.4 
Where Ni is the concentration of the constituent i, x is the depth, ϕ is the ion fluence, w is the erosion rate, 




= 𝑌!    𝑎𝑡 𝑥 = 0  Equation 1.5 
With Yi being the sputter yield of constituent i. Equation 1.4 models the preferential sputtering of a 
material system with radiation-enhanced non-preferential diffusion and a fluence dependent term, the left 
hand side, that could be used to describe an effect such as segregation. More complicated forms of the 
composition depth profile can be developed, but exceeds the scope of work presented [31]. 
1.3 Self-diffusion and defect dynamics of GaSb and GaAs semiconductors  
 
The thermodynamic properties and diffusion behavior of GaSb and GaAs play a significant role in the 
compositionally induced changes caused by ion irradiation; however, the theoretical descriptions 
described in section 1.2 treat these properties – namely diffusion, defect formation, and heat of 
segregation – as theoretical constructs. In order to better understand the mechanisms leading to ion-
induced nanopatterning, the thermodynamics properties and diffusion behavior need to be considered in a 




III-V semiconductors, undergoing compositional changes under a driving force or mechanism (i.e. ion 
irradiation, segregation processes, and diffusion processes). As shown in Holybee’s master’s thesis [11], 
the initial ion-surface interactions lead to a concentration gradient at the near surface region, and while 
kinematics due to ion-atom collisions and recoils will give rise to some variation in local composition, the 
thermodynamic responses of segregation and diffusion are also significant. However, III-V materials are a 
complex system to investigate the diffusion and defect dynamics in detail; one needs to consider the 
influence of native defect species (not even considering those defects produced by ion irradiation), the 
relatively high partial vapor pressure of the group V elements, and changes that occur in stoichiometry 
(i.e. Ga rich versus As/Sb rich) [38]. This section aims at introducing the topic of self-diffusion and defect 
dynamic mechanisms for GaAs and GaSb, but in only so much detail as to explain the significant 
differences between Ga self-diffusion versus As/Sb self-diffusion, and not in the scope of ion-surface 
interactions (which has not been experimentally studied). In addition to diffusion behavior and defect 
dynamics on GaAs and GaSb, the phase diagrams for both materials, along with other relevant 
thermodynamic properties, will be introduced in order to consider precipitate formation in Ga-rich or 
As/Sb-rich regions. A discussion on the ion-surface interactions will also be introduced in order to 
provide insight into the potential roles ion-induced defects, collisional mixing, and general damage have 
on the diffusion and defect response.  
1.3.1 Self-diffusion and defect dynamics of GaAs semiconductors 
 
The first experimental study of self-diffusion on GaAs was performed by Goldstein using radioactive 
tracers in order to determine the activation energies for each constituent [39]. In this work, the activation 
energies for diffusion were determined to be 5.60eV and 10.2eV for Ga and As, respectively. The work 
proposed that the basic mechanism for self-diffusion is due to migration within the specific sublattice. 
Essentially, Goldstein considered that the primary mode of diffusion for Ga and As was within each 




mechanisms that are dependent on single point vacancy defects within these sublattices, and does not 
heavily consider interstitials or anti-site vacancies as significant [39]. Other early works resulted with 
inconsistent measurements (relative to the works presented at the time), with one group investigate the 
diffusion of 72Ga into bulk GaAs and performed radioactive assaying to determine the activation energy 
of Ga at 2.6eV, noting that Ga diffusion in GaAs is very slow with diffusion coefficients of 8.85E-
15cm2s-1 and 2.89E15cm2s-1 for temperatures of 1100C and 1025C, respectively [40]. Another early study 
looked at the disordering of an isotope superlattice structure of 69GaAs/71GaAs and determined a Ga 
activation energy of 4eV, however with the heavy Si doping in their samples they argued that the doping 
likely influenced their results [41]. These early results showed that experimental measurements of the 
activation energies of diffusion, particularly investigating the self-diffusion of Ga, in GaAs were quite 
inconsistent depending on the experimental method and technique.  
Later studies incorporated more experimentally accurate techniques. Wang et al investigating Ga self-
diffusion in 200nm heterostructures of 69GaAs/71GaAs, similar to the method from Tan et al [41], but 
measured the isotope concentration profiles using the SIMS technique. This study found that the Ga 
activation energy was 4.24eV with diffusion constants ranging from ~1E-18cm2s-1 at 800C to ~3E-
12cm2s-1 at 1225C, over 6 orders magnitude change within the temperature range investigated [42]. While 
this experiment went over a much larger range than that of the older Ga self-diffusion experiments, good 
agreement was found between the works performed by Goldstein [39], Palfrey [40], and Tan et al [41]. In 
addition, Wang et al also investigated the role of dopants, both Te up to 4E17cm-3 and Zn up to 1E19cm-3, 
and found that no significant change in Ga self-diffusion occurs with the incorporation of these dopants, 
even at different doping concentrations [42].  All experimental work investigating self-diffusion in GaAs 
has looked at Ga self-diffusion, given that As has only one stable isotope: 75As. However, Tahini et al 
used density functional theory under the VASP code [43] in order to investigate how Ga self-diffusion in 
both As and Ga rich regions stays significantly high [44]. They concluded in their study that the 




As self-diffusion has not be experimentally measured, the dominant defect dynamics suggest a 
significantly higher Ga self-diffusion over As self-diffusion in GaAs. Whether Ga self-diffusion is orders 
of magnitude larger than As-self diffusion in the GaAs system, however, still remains an open question. 
1.3.2 Self-diffusion and defect dynamics of GaSb semiconductors 
 
The self-diffusion in GaSb has also been investigated in detail, but not as much as the GaAs case. This is 
likely due to technological applications that GaAs has been heavily involved in, while GaSb has not been 
as industrially relevant. GaAs has been used in microprocessors and more advance heterostructures and 
quantum well devices. Regardless, the self-diffusion of GaSb was first substantially investigated by 
Weiler and Mehrer in 1983 using the radioisotopes 72Ga and 122Sb and a diffusion annealing by serial 
sectioning [45]. In this work, they found that at 867K the self-diffusion coefficients were 1.09E-16cm2s-1 
and 5.34E-17cm2s-1 for Ga and Sb, respectively. And at the high range of 973K (just 14K below the 
melting point of GaSb) the self-diffusion coefficients were 6.00E-15cm2s-1 and 4.36E-15cm2s-1 for both 
Ga and Sb, respectively. Their results showed that while the self-diffusion of Ga was higher than that of 
Sb, they were well within the same order of magnitude, regardless of whether the sample was Ga-rich or 
Sb-rich. They also noted that the triple defects were likely the dominant mechanism involved in the self-
diffusion process [45].  
More recent experiments have shown quite a disparity between the self-diffusion behaviors in the GaSb 
system. Bracht et al experimentally investigated the self-diffusion of both Ga and Sb in the GaSb system 
by creating isotope heterostructures formed from the two stable isotopes of both Ga and Sb, namely the 
heterostructures of 69Ga121Sb/71Ga123Sb grown through MBE [46]. The self-diffusion of both Ga and Sb 
isotopes was performed by running the grown heterostructures through diffusion annealing cycles in a 
resistance heated tube furnace for various lengths of time between 571C and 708C (just 6C under the 




heterostructures was measured using SIMS. For their first experiment using an Sb rich isotope 
heterostructure, they annealed at 700C for a time of 105 minutes, and were able to observe a pronounce 
intermixing of the Ga isotopes, but saw no change in the intermixing of the Sb isotopes. After annealing 
at 700C for about 18 days, a small intermixing of the Sb isotopes was finally observed while the Ga 
isotopes have already reached a homogenous distribution. Ga intermixing was also observed to be nearly 
identical under Ga rich isotope heterostructures, but attempts to measure the Sb isotope intermixing failed 
due to a lack of Sb motion. All in all, Ga self-diffusion near the melting temperature was found to be 
three orders of magnitude higher than Sb self-diffusion in Sb rich structures, while with Ga rich 
structures, no Sb self-diffusion was experimentally observed [46]. Computation work under the DFT 
framework by Chroneos and Bracht suggest that the asymmetric self-diffusion in the GaSb system was 
likely due to insufficient point defects available to facilitate Sb self-diffusion [47]. These results suggest 
that the early-proposed mechanisms made by Weiler and Mehrer, namely that triple point defects 
dominated the facilitation of self-diffusion in GaSb, were not consistent with the more recent 
experimental results. Instead, a proposed plane-passing mechanism, via the transformation of VSb to 
VGaGaSb, would account for the lack of Sb self-diffusion [47]. Further DFT calculations by Tahini et al, 
the same paper suggesting the defect dynamics in GaAs favored Ga self-diffusion, provided further that 
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Ion-induced nanopatterning of GaSb has been investigated with several microscopy and topography 
techniques in order to characterize the nanopatterns formed and to investigate the influence of ion 
conditions on the self-organization process. The first investigations utilized direct microscopy techniques, 
including Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM), and Tunneling 
Electron Microscopy (TEM) in order to characterize the individual nanofeatures and the overall order of 
the nanopatterning. The very first work done on ion-induced nanopatterning, done by Facsko et al. in 
1999, showed the first AFM images of ion-induced nanopatterning of GaSb with 420eV Ar+ irradiation at 
normal incidence [1]. This work showed that the ion-induced nanopatterns exhibited a hexagonal ordering 
across the sample surface consisting of cone-shaped nanofeatures, showing that the nanofeatures growing 
in size with increasing fluence with average nanofeature diameters of 18nm, 34nm, and 50nm 
corresponding to fluences of 4E17cm-2, 2E18cm-2, and 4E18cm-2, respectively, with results shown in 
Figure 2.1. Individual nanostructures were characterized with cross-sectional TEM, showing that the 
nanostructures remain highly crystalline, with an amorphous layer about 2nm thick. Photoluminescence 
was also investigated, where the ion-induced nanopatterns on GaSb showed a significant enhancement 






Figure 2.1: SEM images of 420eV Ar+ ion-induced nanopatterning of GaSb at fluences of 
4E17cm-2 (A), 2E18cm-2 (B), and 4E18cm-2 (C). Size distributions for each fluence case 
are shown in D [12]. 
 
These results have led to a number of experimental and theoretical works performed on the topic on ion-
induced nanopatterning of GaSb. Experimental studies have investigated the influence of ion parameters 
on the topography and nanopatterns formed, and have also investigated the compositional evolution of the 
surface due to the ion irradiation. 
2.1 Topography studies of ion-induced nanopatterning of GaSb 
 
This section focuses on taking the experimental works investigating ion-induced nanopatterning of GaSb 
and describe the trends and observations of how the topography of ion-induced nanopatterns change with 
respect to ion parameters (ie, flux, fluence, ion energy, and ion species) and with respect to sample 
conditions (mainly sample temperature and oxide effects). Several of these works have also performed 




2.1.1 Topography studies versus ion fluence 
Starting with the first work on ion-induced nanopatterning of GaSb, the effects of ion fluence was the first 
and only ion parameter to be initially investigated [1]. This first work shows the characteristic wavelength 
of the ion-induced nanopatterns increases with fluence, as shown in Figure 1. However, with just three 
data points over a fairly short fluence range, the experimental data does not adequately capture the 
topographical surface evolution. The first work to really look at the topography evolution of ion-induced 
nanopatterning of GaSb was Bobek et al [2]. In this work, ion irradiation of GaSb(100) is performed with 
500eV Ar+ ions with a flux of 5E15cm-2s-1 at normal incidence with 11 irradiations performed over 
irradiation times between 2s and 4000s.  
 
Figure 2.2: Surface roughness plotted against ion irradiation time (s) for 500eV Ar+ on GaSb, the minimum and 
maximum irradiation times, 2s and 5000s, correspond to ion fluences of 1.0E16cm-2 and 2.0E19cm-2 [2].   
 
The results shown in Figure 2.2 show three unique regions of ion-induced nanopatterning of GaSb with 
ion fluence, with the root mean square roughness (sigma) measured by independent 1um x 1um AFM 
scans. The first region, labeled the amplification region, corresponds to the initial growth of the 
nanofeatures, starting from a fluence of 1.0E16cm-2 and up to a fluence of 1E17cm-2. The second region 




fluence of 5E17cm-2 with a corresponding nanofeature height of 20nm. The final stage of the nanofeature 
evolution shows a drop in the RMS roughness from the maximum, stabilizing around 6nm RMS for 
fluences after 1E18cm-2, and signifies the saturation region for growth where the nanofeatures essential 
remain unchanged with ion fluence, up to the maximum fluence of 2.0E19cm-2. This work is the first to 
show the topography evolution of the ion-induced nanopatterning process of GaSb. However, one of the 
issues in relying on ex-situ microscopy techniques comes down to the inherent limit in the number of ion 
parameters that can be tested for a given experiment. For each sample, an irradiation experiment and ex-
situ microscopy has to be performed, making the process quite time consuming. This is especially the 
case when attempting to study the effects of fluence on ion-induced nanopatterning of GaSb, which has 
limited the few microscopy investigations on the effects of fluence to look solely at fluences where 
nanofeatures are present. Grazing-Incidence Small-Angle X-ray scattering (GISAXS) is an X-ray 
scattering technique that looks at the diffuse and spectral reflectance of monochromatic X-rays scattered 
at very small incidence angles (typically < 1o) from a sample’s surface in order to investigate surface 
roughness and surface nanopatterns. The technique requires the use of a synchrotron in order to achieve 
high enough fluxes of monochromatic X-rays and does not give direct information on nanopatterns 
present on a surface; GISAXS outputs a reciprocal-space image of the scattered X-rays from the surface. 
However, the technique is unique in that GISAXS can be performed on samples in a wide variety of 
environments, ranging from high-pressure catalysis chambers to ultra-high vacuum chambers outfitted 
with Be windows. This makes GISAXS one of the few techniques capable of characterizing the 
nanofeatures present on a sample’s surface in-situ and even in-operando. An exhaustive overview and 
experimental review of the GISAXS technique can be found by Renaud et al. [3].  
With the unique capabilities of GISAXS, the technique has been used in order to characterize the 
evolution of ion-induced nanopatterns of GaSb with ion fluence. The first GISAXS work done on ion-
induced nanopatterning of GaSb comes from Plantevin et al. in 2007 [4]. The work used 300eV, 700eV, 




investigate the effect of fluence on the characteristic wavelength of the nanofeatures formed, with results 
shown in Figure 2.3.  
 
Figure 2.3: The characteristic wavelengths of ion-induced nanopatterns formed on GaSb versus ion beam sputtering 
time for 300eV, 700eV, and 1200eV Ar+ irradiation [4]. 
 
The results from Plantevin et al. show very similar growth and saturation behaviors as observed with the 
previous AFM study done by Bobek et al, but for 3 different ion energies. Specifically, the results showed 
that both the 700eV and 1200eV Ar+ irradiations reached the saturation limit after 5 minutes of ion 
irradiation, but the 300eV Ar+ irradiation required 10 minutes to reach this saturation fluence. This result 
is noted in the work, but is not elaborated on or explained [4]. At this point, the GISAXS technique has 
been established as a feasible and useful tool in investigating ion-induced nanopatterning of GaSb. The 
next in-situ GISAXS study was performed by Keller et al using 450eV Ar+ ions incident on GaSb(100) at 






Figure 2.4: in-situ GISAXS results of the GaSb surface under 450eV Ar+ irradiation at various fluences [6]. 
 
Unlike the previous studies investigating the nanopattern evolution with fluence up to this point, Keller et 
al investigates small enough ion fluence steps (~3E16cm-2) that allows for the observation of when ion-
induced nanopatterning begins. Looking at Figure 2.4, the shoulders in the GISAXS spectra (which are 
indicative of pattern formation) do not form until a fluence of 3.0E17cm-2. This shows that ion-induced 
nanopatterning does not immediately begin with ion irradiation. In addition to the GISAXS results, the 
group also performed X-ray reflectivity measurements in order to quantify the surface roughness and 
average nanofeature height against ion fluence. The results also confirm the nanofeature saturation limit 
with fluence as previously observed.  
Following this work, El-Atwani performed the first in-operando GISAXS measurements on chemically 
etched GaSb(100) under 50eV Ar+ irradiation; the chemical etching, using HCl, was performed in order to 
remove the native oxide before the sample irradiation [6]. This work is unique compared to the other 
GISAXS experiments done before in that the experimental setup allowed for the simultaneous ion 




which required iterative steps between ion irradiation and GISAXS acquisition. This allowed for far more 
fluence steps to be observed, with results shown in Figure 2.5.  
 
Figure 2.5: in-operando GISAXS spectra for 50eV Ar+ on GaSb(100) showing 4 stages in the ion-induced 
nanopatterning process: (a) an initial coarsening regime of the surface, (b) a pre-pattern formation smoothing stage, 
(c) initial formation and growth of ion-induced nanopatterns, and (d) the nanopattern saturation stage [6].   
 
The GISAXS results for the 50eV Ar+ ion irradiation of the GaSb surface show four unique stages of 
surface topography evolution from the start of the oxide-free GaSb surface. The first stage (Figure 2.5a) 
shows an initial coarsening of the GaSb surface with irradiation time, the second stage (Figure 2.5b) 
shows a pre-pattern formation smoothening of the surface, the third stage (Figure 2.5c) shows the initial 
formation and growth of the ion-induced nanopattern, and finally the fourth stage (Figure 2.5d) shows 
the saturation limit of the nanopatterns and an overall decrease in correlation between the nanofeatures. 
This work is significant in that it shows the surface topography evolution in great detail before ion-




This is the last published work showing the pre-patterning surface evolution of ion-induced 
nanopatterning on GaSb.  
The results from the previous experimental works looking at the topography evolution versus ion fluence 
shows some very important trends and observations. The first is that during the early stages of ion-
induced nanopatterning, the pattern evolution is essentially broken down into three unique stages. The 
first stage is the initial formation and growth of these nanofeatures, followed by the maximum 
nanofeature growth, and ending with the saturation stage in which nanofeatures reach a height limit and 
the pattern characteristic wavelength no longer changes with fluence. This description has been observed 
with both AFM and SEM techniques and even the GISAXS technique as well, with no published work 
showing disagreement. The second significant trend shown with these works is the introduction of an ion 
fluence threshold, which is the ion fluence required to begin ion-induced nanopatterning, first shown by 
Keller et al. [5] and in significantly more detail by El-Atwani et al. [6]. This result, though predicted by a 
few of the models, shows that ion-induced nanopatterning does not begin immediately with ion 
irradiation, and that there is some surface response necessary before pattern formation begins.  
2.1.2 Topography studies versus ion energy 
 
Regarding the effects of ion energy on ion-induced nanopatterning of GaSb, Facsko et al. investigated 
normal-incidence Ar+ irradiation at 19 different ion energies ranging from 50eV to 1800eV using an 
electron cyclotron resonance plasma source with an ion flux of 2.5E15cm-2s-1 [7]. The work was able to 
show that the characteristic wavelength – that is, the average spacing between nanofeatures – of the ion-
induced nanopatterns formed on GaSb follows a power law dependence with respect to ion energy – i.e., 
λ ~ Em, where λ is the characteristic wavelength, E is the ion energy, and m is an empirically determined 





Figure 2.6: Characteristic wavelength of observed nanofeatures formed under different Ar+ ion energies on GaSb 
and InSb [7].  
 
Other works have also confirmed the power law dependence of characteristic sizes of the nanopatterns 
with ion energy. Plantevin et al showed that GaSb under 300eV, 700eV, and 1200eV Ar+ ion irradiation 
formed ion-induced nanopatterns with characteristic wavelengths of 23nm, 35nm, and 55nm, 
respectively, as determine by AFM analysis, with the results shown in Figure 2.7 [4].  
 
 
Figure 2.7: AFM images of ion-induced nanopatterning of GaSb with 300eV, 700eV, and 1200eV Ar+ ions with 
power spectral density analysis showing the pattern characteristic wavelengths to be 23nm, 35nm, and 55nm, 





El-Atwani examined the ion-induced nanopatterning of GaSb near the sputtering threshold of GaSb with 
50eV, 100eV, and 200eV Ar+ irradiation, and also showed excellent agreement with the power law 
dependence results [6].  
While there are only three primary experimental works that directly investigate the characteristic sizes of 
ion-induced nanopatterns on GaSb against ion energy, the results have shown one of the most consistent 
trends in the field, primarily the power law dependence on the characteristic wavelength of the ion-
induced nanopatterns on GaSb. There have been no results between ion energies of 100eV to 2keV that 
suggest any different trends.  
2.1.3 Topography studies versus ion species and ion flux 
 
Unlike the past two ion parameters (fluence and energy), the least experimentally investigated ion 
parameters and their influence on the topography of ion-induced nanopatterning on GaSb has been the ion 
flux and the ion species. Ion flux has been investigated by two works over a range of 6.2E14cm-2s-1 to 
5E15cm-2s-1 [9] and 1E15cm-2s-1 to 4E15cm-2s-1 [7], and both conclude that the characteristic wavelength 
of the formed nanopatterns on GaSb was effectively independent of the ion fluxes used. As for ion 
species, there is only one work that shows an ion-induced nanopatterning with different noble ion species. 
El-Atwani et al. shows that ion-induced nanopatterning occurs with 500eV Ne+, Ar+, Kr+, and Xe+ [8].  
2.1.4 Effects of sample conditions on ion-induced nanopatterning of GaSb 
 
In addition to testing ion parameters, certain sample conditions have also been investigated in regards to 
ion-induced nanopatterning of GaSb. In regards to whether the surface crystallinity plays a role in the 




GaSb(111), and an amorphous thin-film of GaSb deposited on a Si(111) surface [10]. The results show 
that the ion-induced nanopatterns did not change for any of the GaSb surfaces, showing that the 
crystallinity of the GaSb surface is not important and that the formation of the amorphous region during 
ion irradiation governs the surface dynamics. El-Atwani performed a comparative study investigating ion-
induced nanopatterning of both GaSb surfaces etched with HCl – thus removing the native oxide – and 
as-is GaSb surfaces [11]. The results show that the samples with the native oxide still present required 
larger ion fluence in order to begin nanopatterning, but that the ion-induced nanopatterns formed on both 
surfaces had the same characteristic sizes. Finally, Facsko et al. investigated the effects of GaSb sample 
temperature between -60C and 60C and found no changes in the ion-induced nanopatterns as a result from 
sample temperature [7].  
2.2 Compositional studies on ion-induced nanopatterning of GaSb 
 
Unlike the ion-induced nanopatterning observed in single elemental materials (such as Si), ion-induced 
nanopatterning of GaSb and other multicomponent semiconductors have the added complexity of 
compositional effects at the surface. As seen in Chapter 1, these ion-induced or ion-enhanced 
compositional mechanisms include preferential sputtering, ion-induced and ion-enhanced diffusion, ion-
induced and ion-enhanced segregation, and phase separation. Since these ion-driven compositional 
mechanisms can lead to topography changes and even nanofeature formation, primarily through sputter-
shield mechanisms, it is important to understand how the composition of the GaSb surface evolves during 
ion-induced nanopatterning. While there have been a significant number of topography studies, the 
compositional studies are much fewer. As such, this section will focus on the individual studies that have 





The first compositional study that has been done on GaSb under ion irradiation actually dates back to 
1995, a full 4 years before the discovery of ion-induced nanopatterning of GaSb. Yu et al. investigated the 
compositional evolution of GaSb, InSb and CdSe under 3keV Ar+ ion irradiation using in-situ Low 
Energy Ion Scattering Spectroscopy (LEISS) and X-ray Photoelectron Spectroscopy (XPS) [12]. While it 
is unclear at the time if any ion-induced nanopatterning occurred with the samples irradiated, the work is 
one of the more rigorous compositional studies of GaSb under ion irradiation; a complete empirical 
calibration of the 1keV Ne+ LEISS was performed on pure Ga and Sb in order to fully quantify the LEISS 
results. At the time of this work, ion irradiation was known to modify the surface topography and surface 
composition of multicomponent semiconductors, and was viewed typically as a nuisance in 
semiconductor research; features had been discovered as a result of ion irradiation – with several 
examples on InP [13] – but these features were viewed as unwanted damage and the conditions to 
produce highly ordered patterns were never explored. The in-situ XPS looked at the Ga3d and Sb4d peaks 
at various fluences up until a steady state composition was reached with an atomic ratio of Sb/Ga 
measured at 0.71, results showing that the surface was slightly Ga enriched according to the XPS. For the 
in-situ LEISS, the steady state composition was found to be at an atomic ratio of Sb/Ga of 3.33, showing 
a large surface enrichment of Sb. While these results may seem counter intuitive, with the XPS showing a 
slight Ga enrichment and the LEISS showing a large Sb enrichment, the information depths of both 
techniques needs to be considered. For this setup, the XPS is probing a few nm of the surface while the 
LEISS results are solely probing the first monolayer. The conclusion drawn from this work is that ion-
induced Gibbsian segregation of Sb to the very surface is occurring, leaving the sub-surface Ga enriched 
[12].  
After this paper, the compositional changes of ion irradiation of GaSb were not investigated again until 
Le Roy et al. in 2009, over 10 years after the previous study [14]. Here GaSb (100) surfaces were 
investigated with ex-situ XPS, quantifying the Ga2p3/2 and Sb3d5/2 peaks, after various fluences of 500eV 




XPS show high Ga enrichment of the surface, and further analysis using a combination of TEM and SEM 
– along with Electron Energy Loss Spectroscopy (EELS) – further shows Ga droplets forming at the very 
tips of the ion-induced nanofeatures. These results are shown in Figure 2.8.  
 
Figure 2.8: Bright field Tunneling Electron Microscopy (TEM) of the ion-induced nanofeatures from the 500eV Ar+ 
irradiations of GaSb (a), cross-section SEM of ion-induced nanofeatures from the 500eV Ar+ irradiations of GaSb at 
60o (b), Scan Tunneling Electron Microscopy (STEM) high annular dark field combined with Electron Energy Loss 
Spectroscopy (EELS) on ion-induced GaSb nanofeatures (d) [14].  
 
The formation of the Ga droplets on the tips of the nanofeatures has not been observed before or after this 
publication, and the compositional results show the complete opposite compositional surface response to 
ion irradiation than the work performed by Yu et al. In fact, the authors suggest that phase separation, 
along with the high mobility of Ga compared to Sb in GaSb, could lead to conditions in which Ga is able 
to segregate to the surface; this opposed to the ion-induced Gibbsian segregation of Sb to the surface of 
GaSb as proposed by Yu et al [12]. This work led the group to develop a phenomenological model in 
order to describe the mechanisms involved in the ion-induced nanopatterning process of GaSb [15]. The 
diffuse interface model takes experimental results as parameter inputs into their sets of equations that 
describe sputter erosion and interface diffusion of Ga to form Ga droplets. The formation of the Ga 
droplets is then shown to act as a sputter shield on the surface, resulting into the formation of the cone-





Following this work, El-Atwani et al. published a compositional study of ion-induced nanopatterning 
using XPS – quantifying the Ga2p and Sb3d regions – and LEISS to characterize GaSb after Ar+ ion 
irradiation at energies of 50eV, 100eV, 500eV, and 1keV, specifically investigating the differences 
between in-situ and ex-situ compositional characterization [16]. The results found that after ion-induced 
nanopatterning of GaSb, when the sample is exposed to oxygen, from simply removing the sample from 
the vacuum chamber, that gallium oxide is preferentially formed of antimony oxide. This results in ex-situ 
compositional measurements to show more Ga enrichment of the surface as opposed to in-situ 
characterization. The results for the 500eV and 1keV Ar+ ex-situ vs in-situ are shown in Figure 2.9.  
 
Figure 2.9: Ex-situ XPS results compared with in-situ XPS and LEISS results for 500eV and 1keV Ar+ irradiation 
of GaSb [16]. 
 
The results show that the ex-situ XPS analysis shows about 10% more Ga than the in-situ XPS for the 
500eV case, and around 20% more Ga for the 1keV case. The argument made here is that the high Ga 
enrichment observed by Le Roy et al. was an artifact of performing the compositional characterization ex-




situ LEISS results showed 70% Sb surface enrichment for the 1keV Ar+ irradiation near fluence of 
1E18cm-2, and smaller Sb surface enrichments for the lower Ar+ energies. The authors suggest that a 
preferential diffusion of Sb to the surface is likely the cause of the Sb enrichment observed. 
After this first publication, El-Atwani published two more papers investigating the compositional 
evolution of GaSb during Ar+ irradiation at different ion energies [6, 17]. The first paper focused on 
investigating the surface composition of GaSb using the in-situ LEISS and XPS techniques developed 
previously. This work investigated 50eV, 100eV, and 200eV Ar+ ion irradiation to fluences up to 
1E18cm-2. The results are shown in Figure 2.10 (left). Here, the compositions are found to reach a 
slightly Sb enriched surface, around 40%, for both XPS and LEISS analysis. The conclusions reached are 
the Sb enrichment is likely caused by ion-induced preferential sputtering, surface energy-driven 
segregation, or possibly ion-induced shock fronts [17]. 
 
Figure 2.10: in-situ XPS and LEISS results for GaSb irradiated under different Ar+ ion energies [6, 17]. 
The other work investigated more Ar+ ion irradiations of GaSb, but over a larger range of ion energies 
including near-threshold sputtering energies: 25eV, 35eV, 45eV, 100eV, 500eV, and 1keV [6]. In-situ 
XPS and LEISS was performed on these samples, with the results shown in Figure 2.10 (right). For this 




composition for the lower energy irradiations. The XPS results also show a near 50-50 composition at the 
late fluences for all ion energies. In addition, Rh-coated Si surfaces were used to collect the sputtered 
GaSb atoms during the 100eV and 500eV irradiations, showing that Sb seems to be preferentially 
sputtered from the GaSb surface. The conclusions drawn from this work suggest that preferential 
sputtering of Sb resulting in a sub-surface enrichment of Ga, leading to a likely formation mechanism 
driven by a chemical instability and Ga phase separation [6].  
The last experimental work done on the compositional evolution of GaSb under ion irradiation comes also 
from El-Atwani and investigates ion-induced nanopatterning of GaSb, GaP, and GaAs under 500eV Ne+, 
Ar+, Kr+, and Xe+ ion irradiation [8]. This is the first published work showing ion-induced nanopatterning 
of GaSb with ions other than Ar+. Figure 2.11 shows the compositional results from the in-situ XPS and 
LEISS. 
 
Figure 2.11: in-situ XPS and LEISS results of GaSb, GaP, and GaAs under 500eV Ar+ and Xe+ irradiation [8]. 
 
These results show a slightly different evolution of the GaSb composition as compared to other previous 




enriched with both the XPS and LEISS analyses. Apart from the experimental results, this work is heavily 
based on modifying existing theoretical models, namely the Bradley-Shipman theory [17], to incorporate 
chemically-driven mechanisms and ion-energy deposition creating melt pools.  
As can be seen from the different compositional studies done on GaSb under ion irradiation, there is a 
large variation as to whether the surface becomes Ga or Sb enriched and even what the general trends for 
the surface composition evolution are with ion fluence. The compositional studies have suggested 
different compositional mechanisms occurring at the GaSb surface under ion irradiation, including Ga 
phase separation, Ga droplet formation leading to sputter shielding at the surface, ion-induced Gibbsian 
segregation of Sb to the surface, preferential sputtering of Sb, and the formation of locally formed melt 
pools leading to chemical-instabilities. Even with all of these different potential mechanisms, the 
compositional works do agree that a chemical-instability, and not a topographical-instability, is the likely 
mechanism leading to ion-induced nanopatterning of GaSb. 
2.3 Motivation of work 
 
With all this previous research, both theoretical and experimental, there has always been an inability to 
concretely compare experimental results with those from theoretical models. For both models and 
experiments, the primary result has always been the final topographical state of the surface, while 
composition – when considered – is only investigated at the very surface or treated as a uniform layer 
with no changes as a function of depth, with only a few exceptions. This treatment of the surface poses 
several gaps between proposed models and experiments.  
Most theoretical models tend to rely on continuum equations, which limit the spatial scales to the very 
surface, even when composition is considered. However, ion irradiation is known to induce changes in the 
near-surface composition through a variety of potential mechanisms, including preferential sputtering, 




processes give rise to compositional changes that are dependent on depth, and ultimately affect the 
surface composition and topography evolution during ion irradiation. In addition, the mechanisms driving 
diffusion of the individual constituents have not been considered when attempting to explain both 
compositional and topographical evolution of III-V semiconductors under ion irradiation. While the self-
diffusion of Ga has been shown to be significantly larger than that of Sb or As, defect generation during 
ion irradiation is drastically enhanced during ion irradiation.  
Previous experimental investigations of ion-induced nanopatterning have always utilized the concept of 
performing topographical and compositional analysis after the nanopatterns have already formed. Works 
have performed ion species, ion energy, and ion fluence variations in order to investigate how the late-
stage ion-induced nanopatterns have changed. While this does give information on the nanofeatures 
themselves, it does not investigate the early stage ion fluences that are driving these nanofeatures to form. 
The idea that the nanofeatures start forming right as irradiation begins, which several of the theoretical 
models assume, leaves a huge gap in what is actually happening to the surface topography and 
composition at these early stages. In fact, the work performed in Holybee’s master’s thesis show that 
there is a quantifiable ion fluence threshold driving ion-induced nanopatterning with a rich variety of 
early-stage mechanisms responsible for the early seed stage to nanopatterning. Investigating this early 
stage regime of ion-surface interactions before ion-induced nanopatterning forms is essential in 
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This chapter investigates the topographical evolution of oxide-free GaSb and with-oxide GaSb surfaces 
during the early-stages of ion-induced nanopatterning before and up to the formation of nanopatterns with 
Ne+, Ar+, and Kr+ irradiation with energies between 100eV to 1keV. The results show that for each ion 
condition, ion-induced nanopatterning of GaSb does not begin until after an ion fluence threshold is 
reached, typically between the fluence range of 1E16cm-2 and 1E17cm-2. Before this threshold fluence, 
the GaSb surface response is limited to general smoothening and coarsening of the surface, and is 
dependent on whether the native oxide is initially present. Characteristic sizes of the ion-induced 
nanopatterns show an increasing trend with ion momentum, which is in agreement with previous works. 
Ion-induced nanopatterning between with-oxide and oxide-free samples under the same ion conditions is 
also shown to result in the same characteristic sized nanopatterns, but the early-stage surface evolution of 
with-oxide samples shows coarsening and larger threshold fluences as compared to the smoothening 
observed with oxide-free samples. The early-stage ion-induced nanopatterning results show the need to 
investigate the compositional evolution of GaSb before nanopattern formation begins.  
3.1 Introduction 
 
Ion-induced nanopatterning of GaSb has been investigated with several microscopy and topography 
techniques in order to characterize the nanopatterns formed and to investigate the influence of ion 
conditions on the self-organization process. The first investigations utilized direct microscopy techniques, 




Electron Microscopy (TEM) in order to characterize the individual nanofeatures and the overall order of 
the nanopatterning. The very first work done on ion-induced nanopatterning, done by Facsko et al. in 
1999, showed the first AFM images of ion-induced nanopatterning of GaSb with 420eV Ar+ irradiation 
[1]. This work showed that the ion-induced nanopatterns exhibited a hexagonal ordering across the 
sample surface consisting of cone-shaped nanofeatures, with the nanofeatures growing in size with 
increasing fluence from diameters of 18nm to 50nm from fluences of 4E17cm-2 to 4E18cm-2, respectively. 
From this work, several other works began investigating the influence of ion conditions on the ion-
induced nanopatterning of GaSb focusing on the effects of ion energy, ion fluence, and ion flux. 
Regarding the effects of ion energy, Facsko et al was able to show that the characteristic wavelength – 
that is, the average spacing between nanofeatures – of the ion-induced nanopatterns formed follows a 
power law dependency with respect to the ion energy (i.e., λ ~ Em, where λ is the characteristic 
wavelength, E is the ion energy, and m is an empirically determined coefficient), using SEM and AFM to 
characterize the different patterns formed form Ar+ ion irradiation from 75eV up to 1,800eV [2]. These 
results were found to be consistent with other groups [3, 4]. Ion flux was also investigated by two works 
over a range of 6.2E14cm-2s-1 to 5E15cm-2s-1 [3] and 1E15cm-2s-1 to 4E15cm-2s-1 [1], and both conclude 
that the characteristic wavelength of the formed nanopatterns on GaSb was effectively independent of the 
ion fluxes used. These topography results have been able to reasonably characterize the effects of ion 
conditions on ion-induced nanopatterning of GaSb, and have directly led to the development of several 
theoretical works, including the development of the dissipative continuum model [5].  
However, one of the issues in relying on ex-situ microscopy techniques comes down to the inherent limit 
in the number of ion parameters that can be tested for a given experiment. For each sample, an irradiation 
experiment and ex-situ microscopy has to be performed, making the process quite time consuming. This 
is especially the case when attempting to study the effects of fluence on ion-induced nanopatterning of 
GaSb, which has limited the few microscopy investigations on the effects of fluence to look solely at 




an X-ray scattering technique that looks at the diffuse and spectral reflectance of monochromatic X-rays 
scattered at very small incidence angles (typically < 1o) from a sample’s surface in order to investigate 
surface roughness and surface nanopatterns. The technique requires the use of a synchrotron in order to 
achieve high enough fluxes of monochromatic X-rays and does not give direct information on 
nanopatterns present on a surface; GISAXS outputs a reciprocal-space image of the scattered X-rays from 
the surface. However, the technique is unique in that GISAXS can be performed on samples in a wide 
variety of environments, ranging from high-pressure catalysis chambers to ultra-high vacuum chambers 
outfitted with Be windows. This makes GISAXS one of the few techniques capable of characterizing the 
nanofeatures present on a sample’s surface in-situ and even in-operando. An exhaustive overview and 
experimental review of the GISAXS technique can be found by Renaud et al. [6].  
With the unique capabilities of GISAXS, the technique has been used in order to characterize the ion-
induced nanopatterns of GaSb. The first GISAXS work done on ion-induced nanopatterning of GaSb 
comes from Plantevin et al. in 2007 [7]. The work used 300eV, 700eV, and 1200eV Ar+ ions to irradiate 
GaSb surfaces in-situ over several sputtering time steps in order to investigate the effect of fluence on the 
characteristic wavelength of the nanofeatures formed. The results showed that for all ion energies, the 
characteristic wavelength would increase until a saturation limit was reached of 23nm, 35nm, and 55nm 
for the 300eV, 700eV, and 1200eV ion energies, respectively. Keller et al was the next to use the 
GISAXS technique to investigate ion-induced nanopatterning, and was the first group to investigate the 
transition from the initial smooth GaSb surface to the nanopatterning surface using 450eV Ar+ ions [8]. 
This experiment found that ion-induced nanopatterning did not occur until at least a fluence of 3.0E17cm-
2 and that the characteristic wavelength does reach a saturation limit with fluence at 32nm, in agreement 
with results from Plantevin et al [7]. In-operando GISAXS was first performed with El-Atwani et al. on 
GaSb under near sputtering threshold Ar+ ion energies between 15eV and 100eV [9]. This work is the 
first to obtain real-time GISAXS scans during ion irradiation of GaSb and show the development of the 




nanopatterning was possible with ion energies below 50eV. Following this work, El-Atwani et al 
performed more in-operando GISAXS work on ion-induced nanopatterning, focusing on different ion 
species (Ne+, Ar+, Kr+, and Xe+) and three different III-V semiconductors, including GaSb, GaP, and 
GaAs [10]. The GISAXS results in this work showed that ion-induced nanopatterning occurred for all ion 
species on GaSb, but only with Kr+ and Xe+ ions on GaP and GaAs.  
The previous works on investigating ion-induced nanopatterning of GaSb utilizing the GISAXS technique 
has not only demonstrated the ability to investigate ion-induced nanopatterning of GaSb with GISAXS 
both in-situ and in-operando, but that the technique can do so with very good ion fluence resolution and 
can investigate the evolution of the GaSb surface from the initial smooth surface up past the ion fluences 
needed for ion-induced nanopatterns to form. With only a few exceptions, and those only being two of the 
GISAXS studies on GaSb, the experimental approach in investigating ion-induced nanopatterning has 
focused on characterizing the GaSb surface only after nanopattern formation has occurred, for both 
topographical and compositional studies. The early stages of ion-induced nanopatterning, that is the 
surface of GaSb before ion-induced nanopatterns form, has never been fully investigated in terms of the 
compositional and topographical evolution under ion irradiation. This chapter focuses on investigating the 
early stage topographical evolution of GaSb under ion irradiation utilizing in-operando GISAXS in order 
to investigate the early-stage surface response of GaSb under ion irradiation.  
3.2 Experimental details 
 
GISAXS was performed at Brookhaven National Lab’s National Synchrotron Light Source 1 (NSLS 1) 
on beam line X21. The X21 beam line used a monochromatic, focused beam of 10keV X-rays into a UHV 
chamber equipped with a goniometer, photodetector, and a broad beam ion source. Complete details of 
the GISAXS setup is described by Zhou et al [11]. The experiment was setup with the intention of 
performing GISAXS analysis of GaSb and GaAs under ion irradiation with high-temporal resolution, 




ion-induced nanopatterns, focusing on the evolution of the surface topography before ion-induced 
nanopatterns are formed. Previous works have already shown the nanopattern evolution once 
nanopatterns are present [2, 8, 9,10, 12, 13], but understanding the evolution of the topography before and 
right as nanopattern formation begins – the so called early-stage regime – can provide experimental 
information on the driving mechanisms that lead to pattern formation. This experiment investigated this 
early stage nanopattern evolution for different ion energies and ion species at normal incidence for etched 
and as-is GaSb and GaAs. 
 
 
Figure 3.1: Schematic of the in-operando GISAXS used at Brookhaven National Lab, with αi and αc representing 
the incoming angle and critical angle, respectively. Analysis was performed across the Yoneda wing of the acquired 
GISAXS spectra, at which the highest spectral reflectance occurs.  
 
The monochromatic 10keV X-rays came in at a fixed incident angle, αi, of 0.2o and were collected at 
angles, αf, between 0.3o – 1.8o. The angle between surface normal and the ion beam was essentially 
normal to the surface, offset by 0.2o in order to perform GISAXS. Figure 3.1 shows a schematic of the in-
operando GISAXS setup. In-operando GISAXS spectra were taken every 15 seconds during ion 
irradiation, with typical fluence steps around 1E15cm-2. Analysis was performed across the Yoneda wing 
of the GISAXS spectra, in which the highest spectral reflectance occurs at the critical angle αc [14]. The 






















Table 3.1: Ion irradiation parameters for the in-operando GISAXS experiments on etched GaSb samples.  
Ion Species Energy (eV) Flux (cm-2s-1) GISAXS Fluence Steps (cm-2) 
End Fluence 
(cm-2) 
Ar 1000 5.83E+13 8.75E+14 1.76E+17 
Ar 500 5.33E+13 7.99E+14 1.12E+17 
Ar 200 1.95E+14 2.93E+15 8.11E+16 
Ar 100 1.27E+14 1.90E+15 2.25E+17 
Kr 1000 5.83E+13 8.75E+14 2.25E+16 
Kr 500 5.58E+13 8.37E+14 3.41E+16 
Kr 200 1.65E+14 2.47E+15 9.28E+16 
Kr 100 5.33E+13 7.99E+14 1.01E+17 
Ne 500 8.12E+13 1.22E+15 6.02E+16 
Ne 200 8.37E+13 1.26E+15 9.12E+16 
Ne 100 1.55E+14 2.32E+15 2.79E+17 
 
Table 3.2: Ion irradiation parameters for the in-operando GISAXS experiments on as-is GaSb samples. 
Ion Species Energy (eV) Flux (cm-2s-1) GISAXS Fluence Steps (cm-2) 
End Fluence 
(cm-2) 
Ar 1000 4.57E+13 6.85E+14 5.18E+16 
Ar 500 2.28E+13 3.42E+14 1.22E+17 
Kr 1000 1.04E+14 1.56E+15 1.01E+17 
Kr 500 8.37E+13 1.26E+15 6.70E+16 
Ne 500 3.81E+13 5.71E+14 1.59E+17 
 
Table 3.3: Ion irradiation parameters for the in-operando GISAXS experiments on as-is and etched 
GaAs samples. 
Ion Species 
and state Energy (eV) Flux (cm
-2s-1) GISAXS Fluence Steps (cm-2) 
End Fluence 
(cm-2) 
Kr As-is 500 9.89E+13 1.48E+15 1.61E+17 
Kr Etched 500 9.39E+13 1.41E+15 2.82E+17 
 
3.3 GISAXS experimental results on GaSb 
 
The GISAXS data for each GaSb and GaAs sample data set was reduced across the Yoneda wing for all 
fluence steps, and then the reduced data sets were plotted as contour graphs against fluence. This gives a 
compact form for the GISAXS spectra that shows the evolution of the measurements with increasing 
fluence, allowing the visualization of the different stages in topography evolution, including smoothening, 





3.3.1 In-operando GISAXS studies of topographical evolution of etched GaSb (100) under 
ion irradiation 
 
Figure 3.2: GISAXS contour plots for the 500eV Ne+ data set (a), the 200eV Ne+ data set (b), and the 100eV Ne+ 
data set (c). Early stage ion-induced nanopatterning occurs at fluences of 3.10E16cm-2, and 3.57E16cm-2 for the 
500eV and 200eV ion energies, respectively. No observable nanopatterning occurs for the 100eV case.  
 
The GISAXS contour plots for the Ne+ data sets, seen in Figure 3.2, show the topographical behavior of 
GaSb during continued ion irradiation at energies of 500eV, 200eV, and 100eV. These plots show that the 
onset of ion-induced nanopattern formation begins at 3.10E16cm-2 ± 8.7E14cm-2 for 500eV Ne+ and at 
3.57E16cm-2 ± 1.2E15cm-2 for 200eV Ne+. The 100eV Ne+ data set does not show the onset of pattern 
formation, but is likely due to the fluence being too low for this specific case. All three data sets show an 






the exception of the 100eV case). For the 500eV and 200eV Ne+ cases, GISAXS shoulders are form at 
0.24nm-1 ± 0.02nm-1 and 0.39nm-1 ± 0.02nm-1, respectively.  
 
Figure 3.3: GISAXS contour plots for the 1keV Ar+ data set (a), the 500eV Ar+ data set (b), the 200eV Ar+ data set 
(c), and the 100eV Ar+ data set (d), with ion-induced nanopattern occurring at fluences of 2.25E16cm-2, 3.40E16cm-
2, 2.35E16cm-2, and 4.64E16cm-2, respectively.  
 
The GISAXS contour plots for the Ar+ data sets, seen in Figure 3.3, show the topographical behavior and 
evolution during ion irradiation at energies of 1keV, 500eV, 200eV, and 100eV. These plots show the 
early stage nanopattern formation begins at ion fluences of 2.25E16cm-2 ± 6.4E14cm-2 for 1keV Ar+, 
3.40E16cm-2 ± 6.7E14cm-2 for 500eV Ar+, 2.35E16cm-2 ± 2.6E15cm-2 for 200eV Ar+, and 4.64E16cm-2 ± 
1.7E15cm-2 for 100eV Ar+. Interestingly, the 200eV data set shows early stage nanopatterning at a lower 
fluence than the 500eV case. The GISAXS 1keV, 500eV, and 100eV data sets show the same general 






coarsening stage that then leads to the early nanopatterning regime. Again, the 200eV case is an exception 
in that the initial smoothening stage is observed, followed directly by the onset of nanopattern formation 
and dissipation regimes. For all data sets, GISAXS shoulders are observed at qy values of 0.17nm-1 ± 
0.03nm-1, 0.15nm-1 ± 0.01nm-1, 0.28nm-1 ± 0.01nm-1, and 0.21nm-1 ± 0.02nm-1 for the 1keV, 500eV, 
200eV, and 100eV data sets, respectively.  
 
Figure 3.4: GISAXS contour plots for the 1keV Kr+ data set (a), 500eV Kr+ data set (b), 200eV Kr+ data set (c), and 
100eV Kr+ data set (d), with ion-induced nanopattern occurring at fluences of 7.31E15cm-2, 8.74E15cm-2, 
4.20E16cm-2, and 3.41E16cm-2, respectively.  
 
The GISAXS contour plots for the Kr+ data sets, seen in Figure 3.4, show the topographical behavior and 
evolution during ion irradiation energies of 1keV, 500eV, 200eV, and 100eV.  These plots show that 
early stage nanopattern formation occurs at 7.31E15cm-2 ± 7.3E14cm-2 for 1keV, at 8.74E15cm-2 ± 







100eV data set. Just as in the Ar+ data sets, the 200eV ion energy shows early stage nanopattern formation 
occurring at a lower fluence than the 500eV ion energy. The 1keV, 200eV, and 100eV data show similar 
trends in topographical evolution, with an initial smoothening stage, an intermediate coarsening stage that 
is followed by the early stage nanopatterning regime. The 500eV data shows the initial smoothing stage, 
but this leads directly to the early stage nanopatterning regime. For all the data sets, GISAXS shoulders 
are shown to form at 0.14nm-1 ± 0.02 nm-1, 0.20nm-1 ± 0.011nm-1, 0.21nm-1 ± 0.02nm-1, and 0.24nm-1 ± 
0.011nm-1 for the 1keV, 500eV, 200eV, and 100eV data sets, respectively.  
Beyond looking at the qualitative trends, the onset fluence for early stage pattern formation and the qy 
values for the formed GISAXS shoulders can be quantitatively described and plotted as a function of the 
ion momentum. Figure 3.5 shows the early stage qy value of GISAXS shoulder formation at the early 
stage pattern formation and the onset fluence for early stage pattern formation plotted against ion 
momentum.  
 
Figure 3.5: Etched GaSb qy values of early stage pattern formation GISAXS shoulders plotted against ion 
momentum (left), and the onset ion fluences for early stage pattern formation under various ion conditions, plotted 
against ion momentum (right). 
 
These plots show a clear trend for both the qy values and onset fluences for early stage nanopattern 
formation as a function of ion momentum. The qy values are shown to decrease with increasing ion 




This is in agreement with results from Facsko et al, where they show a power-law dependence of 
characteristic nanofeature spacing of ion-induced nanopatterning on GaSb with increasing Ar+ energy [2], 
and is in agreement with work done by El Atwani et al where ions of Ne+, Ar+, Kr+, and Xe+ are shown to 
produce larger qy values in their GISAXS results with increasing ion mass, with the exception of Ar+ [10]. 
The trend showing the decrease in the onset fluence for ion-induced nanopatterning with increasing ion 
momentum is harder to compare with previous works, especially since GISAXS studies tend to focus on 
when pattern formation has already occurred. However, these results show that ion-induced 
nanopatterning begins sooner for ion conditions that generally have larger energy deposition at the surface 
and connects to the proposed mechanisms present by El-Atwani et al. [10]. The work suggests that ion-
induced nanopatterning is driven by chemical instabilities at the surface which is enhanced with higher 
energy deposition from more energetic ion irradiation. This motivates the need to connect the results 
observed from the GISAXS topography evolution during early stage ion-induced nanopattern formation 
with that of the compositional evolution – which is investigated in the next Chapter.   
3.3.2 In-operando GISAXS studies of topographical evolution of as-is GaSb (100) under ion 
irradiation 
 
The as-is GaSb GISAXS data was reduced in the same way as the etched GaSb GISAXS data, with 1-D 
Yoneda wing analysis performed for each data set’s fluence steps and all Yoneda wing plots combined 





Figure 3.6 GISAXS contour plot for the 500eV Ne+ data set, 
with ion-induced nanopatterning occurring at a fluence of 
7.31E16cm-2, respectively.  
 
The GISAXS contour plot for the 500eV Ne+ data set, shown in Figure 3.6, shows the topographical 
evolution and behavior during ion irradiation. Unlike the etched 500eV Ne+ GaSb data set, the as-is data 
set shows a more complicated evolution. This is likely caused by the removal of the oxide layer during 
ion irradiation, and is further investigated in Section 3.3. However, looking at the topographical behavior 
just before the early stage nanopatterning regime, the topography shows a smoothening behavior. This is 
completely different than the etched data sets, which generally show a coarsening behavior just before the 
onset of early stage nanopatterning. The onset fluence for nanopatterning begins at 7.31E16cm-2 ± 






Figure 3.7: GISAXS contour plots for the 1keV Ar+ data set (left) and the 500eV Ar+ data set (right) with ion-
induced nanopattern occurring for the 500eV data set at 5.80E16cm-2.  
 
The GISAXS contour plots for the as-is Ar+ data sets, seen in Figure 3.7, show the topographic evolution 
and behavior during ion irradiation for energies of 1keV and 500eV. These plots show that early stage 
nanopattern formation likely begins at a fluence higher than 5.18E16cm-2 ± 3.9E15cm-2 for 1keV Ar+ 
(unfortunately, the experiment ended before GISAXS shoulders had actually formed) and 5.80E16cm-2 ± 
6.1E15cm-2 for 500eV Ar+. Just like the as-is Ne+ data set, the as-is Ar+ data sets show a much more 
complicated topography evolution, which is likely due to the removal of the native oxide layer. The 
500eV data set also shows that before the early stage nanopatterning regime, the topography shows a 
smoothening behavior just before. The 500eV data set shows GISAXS shoulder positions forming at a qy 






Figure 3.8: GISAXS contour plots for the 1keV Kr+ data set (left) and the 500eV Kr+ data set (right) with ion-
induced nanopattern occurring at fluences of 3.63E16cm-2 and 4.59E16cm-2, respectively.  
 
The GISAXS data sets for the as-is Kr+ data sets, seen in Figure 3.8, show the topographic evolution and 
behavior during ion irradiation for energies of 1keV and 500eV. These plots show that early stage 
nanopattern formation begins at 3.63E16cm-2 ± 9.7E15cm-2 for 1keV Kr+ and 4.59E16cm-2 ± 7.0E15cm-2 
for 500eV Kr+. Just like the other as-is GISAXS data sets, the Kr+ data sets show a complicated initial 
topography evolution during the early ion fluences, likely due to the oxide removal. The 1kev and 500eV 
GISAXS data sets show shoulder formation at 0.16nm-1 ± 0.02nm-1 and 0.18nm-1 ± 0.02nm-1, 
respectively. 
 
Figure 3.9: As-is GaSb qy values of early stage pattern formation GISAXS shoulders plotted against ion momentum 
(left), and the onset ion fluences for early stage nanopattern formation under various ion conditions, plotted against 





Figure 3.9 shows that ion momentum plays a significant role in the ion-induced nanopatterning of as-is 
GaSb, showing the same trends as the etched GaSb GISAXS results seen in Figure 3.5. As ion 
momentum increases, both the GISAXS shoulder qy values and early stage nanopattern fluence decreases. 
As with the etched GISAXS sample analysis, the as-is GaSb ion-induced nanopatterning trends are in 
agreement with works performed by Facsko et al [2] and Osman et al [9]. Add to the threshold fluence 
discussion.   
3.3.3 Comparing etched versus as-is GaSb GISAXS results 
 
As seen from the GISAXS analysis of both the etched and as-is GaSb samples, the topography evolution 
just before the onset of early stage ion-induced nanopattern formation displayed different behaviors; in 
general, the etched GaSb samples showed a coarsening behavior just before early stage nanopattern 
formation while as-is GaSb samples showed a smoothening behavior just before early stage nanopattern 
formation. Figure 3.10 shows the 1-D Yoneda wing analysis for both the 500eV Ne+ etched and as-is 
GaSb GISAXS results during the early stage nanopatterning regime.  
 
Figure 3.10: 1-D Yoneda wing plots during early stage nanopattern formation for 500eV Ne+ etched GaSb (left) and 
500eV Ne+ as-is GaSb (right). Early stage nanopattern formation begins at 3.10E16cm-2 and 8.76E16cm-2 for etched 





Figure 3.10 shows an interesting difference between etched versus as-is GaSb ion-induced nanopattern 
formation. For the etched GaSb sample, the ion-induced nanopatterns begin forming from a smooth 
surface, with the GISAXS shoulders increasing in intensity with fluence. In contrast, for the as-is GaSb 
sample, the ion-induced nanopatterns begin forming from a rough surface, with the GISAXS shoulders 
decreasing and forming from the roughness of the surface. In addition, the qy values for the etched and as-
is GaSb samples are 0.24nm-1 and 0.22nm-1, respectively. This shows that even though the surface 
topographies just before nanopattern formation between the two cases are quite different, the resulting 
nanopatterns are quite similar. This suggests that the topography leading up to ion-induced nanopatterning 
does not play a signification role for the GaSb system unlike what has been proposed with some 
theoretical models such as the Bradley-Shipman model [15] or material systems such as Si [16].  
 
Figure 3.11: As-is and etched GISAXS shoulder qy values of early stage nanopattern formation plotted against 
momentum (left), and the onset ion fluences for early stage nanopattern formation plotted against ion momentum 
(right).  
 
Compiling the GISAXS results from Figures 3.5 and 3.9, the comparison between etched GaSb and as-is 
GaSb GISAXS qy values and onset nanopatterning fluences can be directly compared, as seen in Figure 
3.11. As expected, the onset fluence for early stage nanopattern formation for as-is GaSb is consistently 
larger than that for the etched samples. This is due to the need for removing the oxide layer in the as-is 




samples show very similar nanopatterning for any given ion condition. This suggests that while the onset 
fluence for ion-induced nanopatterning is higher for as-is samples due to the necessity to remove the 
oxide layer, the resulting nanopattern is still similar regardless of whether GaSb is etched or not. 
However, this analysis does not give insight onto the overall order of the nanopatterns produced, just the 
average nanofeature size and spacing.  
3.3.4 In-operando GISAXS studies of topographical evolution of etched and as-is GaAs 
(100) under 500eV Kr+ ion irradiation 
 
Similar to the GaSb GISAXS studies, GaAs was also studied using 500eV Kr+ on as-is and etched GaAs 
samples. 1-D Yoneda wing analysis was performed for each fluence step, with each fluence step analysis 
compiled into GISAXS contour plots. The results are shown in Figure 3.12.  
 
Figure 3.12: GISAXS contour plots for the 500eV Kr+ data sets on etched GaAs (left) and as-is GaAs (right) with 
ion-induced nanopattern occurring only for the as-is GaAs sample at 4.15E16cm-2.  
 
The GISAXS contour plots for as-is GaAs and etched GaAs, seen in Figure 3.10, show the topographic 
evolution and behavior during 500eV Kr+ ion irradiation. These plots show that early stage nanopattern 
formation does not occur for the etched GaAs sample, but does occur for the as-is GaAs sample with an 
onset nanopatterning fluence of 4.15E16cm-2 ± 4.0E15cm-2. This result suggests that the initial oxide 




opposed to the results observed for the GaSb system in which GaSb with and without oxide resulted in 
similar ion-induced nanopatterning behaviors and characteristic sizes. For these irradiations, the fluxes 
were 8.88E13cm-2s-1 and 9.89E13cm-2s-1, for the etched and as-is GaAs samples, respectively. This shows 
that the irradiation conditions, including the fluxes used, are very similar. For the as-is GaAs sample, the 
GISAXS shoulder forms at a qy value of 0.24nm-1 ± 0.02nm-1.  
These results with the GaAs system are unique in that the GISAXS data suggests that the oxide plays a 
significant role in the ion-induced nanopatterning of GaAs. This also adds to the complexity of the GaAs 
system in which previous literature has shown that no ion-induced nanopatterning occurs with Ne+ and 
Ar+ irradiations, but does occur with Kr+ and Xe+ irradiations [10]. This complexity motivates the need to 
look at the GaAs system in more detail, for both the ion conditions that lead to ion-induced 
nanopatterning and the surface response during ion irradiation – namely investigating the composition. 
3.4 In-situ AES study on the effect of the native oxide layer on early stage ion-induced 
nanopatterning of GaSb 
 
Both GISAXS and Auger electron spectroscopy have been used to investigate the effects of the native 
GaSb oxide layer on the development of ion-induced self-organized nanopatterns.  The GISAXS studies 
investigated both as-is GaSb surfaces (that is, with the native oxide layer) and etched GaSb surface with 
the oxide layer removed.  
3.4.1 Auger electron spectroscopy study of oxide removal during 500eV Ne+, Ar+, and Kr+ 
irradiation 
 
In addition to performing the in-operando GISAXS topographical studies of as-is GaSb surfaces, in-situ 
Auger electron spectroscopy was also performed. The analyzer collection angle during oxide removal was 




evolution of the relative oxygen concentration (relative to the initial pre-irradiation Auger intensity) and 
the relative concentrations of gallium and antimony relative to each other.  
 
Figure 3.13: The evolution of the relative oxygen concentration with respect to the initial pre-irradiation oxygen 
Auger intensity and the evolution of the antimony concentration with respect to the gallium concentration, using a 
binary assumption. Oxide removal occurs for 500eV Ne+ at a fluence of 4.4E16cm-2 (a.), for 500eV Ar+ at fluence of 
3.9E16cm-2 (b.), and for 500eV Kr+ at a fluence of 3.0E16cm-2 (c.). 
 
These Auger results show very interesting and similar trends between the 500eV Ne+, Ar+, and Kr+ 
irradiation conditions on as-is GaSb. First, looking at the relative oxygen concentration versus fluence, a 
clear increase is seen at the initial stages of irradiation, with the maximum relative concentration 
occurring at 2.7E15cm-2, 2.0E15cm-2, and 1.7E15cm-2 for 500eV Ne+, Ar+, and Kr+, respectively. This 
could potentially be caused by oxygen being preferentially driven to surface during the initial irradiation, 






correlation between two species and the Auger system is 1 to 1, a trinary system is much more 
complicated in terms of relative sensitivity factors between 3 species. After this initial increase in the 
relative oxygen concentration, a clear and continual decrease in oxygen is observed until all oxygen is 
removed from the surface, occurring at 4.4E16cm-2, 3.9E16cm-2, and 3.0E16cm-2 for 500eV Ne+, Ar+, and 
Kr+, respectively.  
 
Figure 3.14: Oxide removal fluence versus the ion 
momentum for the 500eV Ne+, Ar+, and Kr+ irradiations on 
as-is GaSb.  
 
The relative antimony concentration with respect to the gallium concentration, using a sensitivity factor of 
5.04 as determined in Holybee’s master’s thesis [17], shows two unique trends during the native oxide 
removal. The first is an increase of the antimony concentration at fluences of 2.0E16cm-2, 1.1E16cm-2, 
and 1.3E16cm-2 for Ne+, Ar+, and Kr+, respectively. In all cases, the relative antimony concentration 
increases to around 60% that of gallium, with the highest being 66% from the 500eV Ne+ case. After this 
initial trend, antimony is then observed to decrease with ion fluence until the oxide layer is removed. 
Interestingly, the antimony concentration for all case is near 44%, and this is not the relative 





3.4.2 Direct comparison between GISAXS and Auger spectroscopy during 500eV Ne+, Ar+, 
and Kr+ irradiation of GaSb during oxide removal 
 
Linking the effects between compositional changes and topographical changes during ion irradiation is 
important in understanding why topography changes under ion irradiation in multicomponent systems. In 
order to investigate this, the GISAXS contour plots where focused in on the fluence ranges in which the 
Auger data showed where oxide removal occurs. In addition, the relative oxygen and relative antimony 
compositional plots are overlaid on the GISAXS plots to look for common trends in behaviors. Figure 
3.15 show the Auger compositions overlaid on the relevant GISAXS regions for oxide removal for 500eV 
Ne+, Ar+, and Kr+.  
 
Figure 3.15: Relative O and Sb Auger concentrations overlaid on the GISAXS results during oxide removal for 
500eV Ne+ (top left), Ar+ (top right), and Kr+ (bottom). Note that the changing trends in composition, the black 






Interestingly, overlaying the Auger compositional evolution with the GISAXS topographical evolution 
during the oxide removal regime shows an interdependence between the two; roughening and 
smoothening trends occur when the surface composition changes.  
While this data is strictly in the oxide removal regime, the data clearly shows that composition and 
topography evolution of the GaSb surface is highly correlated. In order to investigate this during the early 
stages of ion-induced nanopatterning, an in-operando LEISS experiment would be proposed to 
investigate this trend after oxide removal in order to investigate the surface concentration behavior 
between antimony and gallium leading up to the initial nanopattern formation. In addition, the oxide 
removal reveals a complication in analyzing ARAES data taken with as-is GaSb surfaces; the ARAES 
model used to determine the compositional depth profiles relied on the surface being quite smooth. 
However, the GISAXS shows that directly after oxide removal the GaSb surface is rough. This 
complicates the ARAES analysis approach and suggests the use of other compositional techniques, such 
as LEISS.  
3.5 Conclusions 
 
The in-operando GISAXS investigation has revealed several interesting behaviors of the GaSb system 
under ion-irradiation. Likely the most significant behavior revealed is the concept of an ion-induced 
nanopatterning threshold fluence for both as-is and etched GaSb samples. Several theoretical models 
consider the topographical evolution of the GaSb surface under ion irradiation to be a linear process, that 
is, the surface topography’s response to form ion-induced nanopatterns begins immediately after ion 
irradiation begins. The experimental results presented in this chapter show a different behavior, with 
Figure 3.19 showing this concept of an ion-induced nanopatterning onset fluence. Additionally, the 
GISAXS results were able to show agreement with the ion-energy dependence first observed by Facsko et 




nanopatterns even though the with-oxide samples required a larger threshold fluence, which is also in 
agreement with work performed by El-Atwani et al. [18].  
 
 
Figure 3.16:  breakdown of the 3 topography evolution regimes for the etched GaSb 500eV Ne+ GISAXS 
data, showing the concept of an ion-induced nanopatterning threshold fluence.  
 
Figure 3.16, along with the other GISAXS results, shows that there is minimal topographical response of 
the GaSb surface during the early stages of ion irradiation. In particular, this pre-nanopatterning regime 
reveals that there are likely other surface responses that are key to the formation of the nanopatterns. 
Specifically, the compositional evolution during these initial stages of ion irradiation could provide 
insight to the surface’s initial response leading up to ion-induced nanopatterning. An in-depth study of 
this compositional evolution during the early-stage regime could reveal ion-induced or ion-enhanced 
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Chapter 4: Investigating the compositional evolution of GaSb under ion 




This chapter investigates the compositional evolution of the GaSb system under 500eV Ne+, Ar+, and Kr+ 
irradiation utilizing in-operando X-ray Photoelectron Spectroscopy (XPS) and in-operando Low Energy 
Ion Scattering Spectroscopy (LEISS) with the IGNIS facility during the early stages of ion-induced 
nanopatterning. The in-operando XPS results of the Sb4d and Ga3d peaks show that just before ion-
induced nanopatterning is expected, all ion conditions show a slight enrichment of Ga at the surface. In 
contrast, the in-operando LEISS results show a high enrichment of Sb at the first monolayer of the GaSb 
surface just before ion-induced nanopatterning is expected for all ion conditions. These results show that 
there is a high Sb enrichment at the very surface of GaSb with a sub-surface enrichment of Ga, and 
suggest that an ion-driven or ion-enhanced segregation of Sb to the surface occurs during ion irradiation, 
such as Gibbsian segregation. Additionally, comparing these experimental results with a massive-scale 
MD simulation suggest that the compositional gradient at the surface can lead to Ga and Sb phase 
separation from the GaSb matrix, and ultimately lead to the ion-induced nanopatterns observed. 
4.1 Introduction  
 
The sparse previous experimental results that have investigated the surface composition of GaSb at 
various stages of ion irradiation have conflicting results and analyses as to whether the GaSb surface 
becomes Ga or Sb enriched. The first significant compositional study of GaSb under ion irradiation 
comes from Yu et al. back in 1996, 3 years before the discovery of ion-induced nanopatterning of GaSb 




GaSb, InSb, and CdSe with 3keV Ar+, utilizing in-situ XPS and LEISS to quantify the surface at various 
sputter times. For the XPS analysis using the Ga3d and Sb4d peaks, they found that the surface initially 
becomes Sb enriched, but gradually changes to a slight Ga enrichment with a Sb/Ga ratio of 0.71. On the 
contrary, the LEISS results and analysis for the GaSb surface after the 3keV Ar+ ion irradiation show a 
high Sb enrichment of the surface, with an Sb/Ga ratio of 3.33 [1]. They conclude that due to the different 
enrichments measured by either XPS or LEISS techniques, that likely Gibbsian segregation of Sb is the 
driving mechanism that results in the observed composition. El-Atwani et al. also performed both in-situ 
XPS and LEISS on the GaSb surface under 50eV and 100eV Ar+ irradiation [2]. This experiment showed 
that the GaSb surface trended towards a slight Sb enrichment – of about 60% Sb – for both the XPS and 
LEISS techniques. This work concludes that the compositional results are due to the preferential 
sputtering and surface energy-driven segregation of Sb from the sub-surface [2]. The last relevant work 
for this chapter comes from experiments performed by Le Roy et al. investigating the GaSb surface 
composition evolution under 500eV Ar+ irradiation with XPS analysis of the Ga2p and Sb3d regions [3]. 
In contrast to the previous papers, Le Roy et al. shows that a strong enrichment of Ga at the GaSb surface 
occurs after ion irradiation. Here, the conjecture is that Ga is phase segregating – due to the phase 
diagram of GaSb – and being driven to the surface where it forms Ga droplets that act as a mask for the 
ion-induced nanopatterns to form [3].  
From these previous works, it can be seen that measuring the surface composition plays a significant role 
in understanding the compositional evolution of GaSb under ion irradiation, and perhaps more 
importantly, what driving mechanisms are at play. The main three experiments all showed different 
enrichments of the GaSb surface: slightly Sb enriched [2], highly Ga enriched [3], or either Ga or Sb 
enriched depending on which technique is used [1]. This disagreement in the experimental results lead to 
different and even conflicting proposed mechanisms as to what mechanisms are driving the GaSb surface 
composition during ion irradiation, ranging from preferential sputtering, ion-induced Gibbsian 




evolution by performing a comprehensive LEISS and XPS study on GaSb under 500eV ion irradiation 
and applying these results to the driving mechanisms behind the ion-induced nanopatterning of GaSb. 
4.1.2 The IGNIS facility  
 
The IGNIS facility is a custom designed vacuum facility capable of performing XPS and ISS 
spectroscopy at elevated pressures. The system’s main chamber, shown in Figure 4.1, was designed with 
a pill-shaped body, allowing for the 37 ports to have different functionalities for the top or bottom 
hemispheres. Though currently the system only has XPS, ISS, TDS, and ion-induced Auger 
spectroscopies currently installed, the chamber was designed with upgradability in mind. The system is 
capable of being upgraded with various optical spectroscopy techniques, including Raman spectroscopy 
and photoluminescence spectroscopy, Auger electron spectroscopy, and even microscopy utilizing the top 
6” port (confocal or an SEM column). Apart from the characterization techniques, IGNIS is meant to be a 
platform to test and modify a wide-range of materials, including fusion-relevant surfaces, novel 
biomedical materials, and multicomponent semiconductors. Modification focuses primarily on ion/plasma 
sources, with the current setup utilizing 2 high-flux broad beam plasma sources and 2 low flux, filament 
based ion-sources (the same sources used for ISS characterization). In addition to the ion and plasma 
based modification, lithium and tin evaporators are installed on the bottom hemisphere of the IGNIS 
chamber to allow for relevant in-situ depositions of fusion based materials. Additionally the system is 
also upgradable to include unique plasma sources, magnetron sputter deposition sources, and other 





Figure 4.1: IGNIS CAD rendering show the main chamber and the 
various potential equipment, including ion sources and the high-pressure 
electron/ion energy analyzer. 
 
In particular, and IGNIS system was designed with being able to perform in-operando XPS and LEISS 
techniques. Here the term “in-operando” means the ability to run characterization during the operation of 
a modification technique – such as ion-irradiation, plasma exposure, or even a deposition process. This is 
unique in that most systems can only perform in-situ characterization, meaning that the characterization 
and modification steps have to be done individually. This gives IGNIS the unique ability in investigating 
the evolution of surfaces during modification with much smaller fluence steps than can be reasonably 






Figure 4.2: XPS region scans taken for the Ga2p region (left) and the Sb3d region (right) at varying pressures. Note 
that LEISS scans were taken between the UHV scan and the high pressure scans. 
 
Figure 4.2 shows the ability to quantify the regional XPS peaks for Ga2p and Sb3d at pressures from 
UHV to 1E-3 torr. The 5E-3 torr case was not quantifiable with the chosen analyzer settings, but further 
optimization for this high-pressure case should lead to quantifiable peaks. The results are significant in 
that the Tectra ion source operates at pressures between 1E-4 torr and 1E-3 torr, which are shown to be 
quite quantifiable in Figure 4.2. Not only does this show the capabilities of the IGNIS facility and the 
high pressures XPS system, but also demonstrates the potential ability to perform XPS experiments 
during ion irradiation, an in-operando XPS technique. This would provide a new approach in analyzing 
the composition and chemistry of samples under ion modification, allowing for the simultaneous 





Figure 4.3: 1keV He+ LEISS taken on GaSb at different background pressures of Ar. LEISS was 
performed from UHV conditions up to 5E-3 torr. In addition, an Ar peak is seen starting at pressures of 
5E-4 torr. The 5E-3 torr pressure resulted in no quantifiable LEISS data, likely due to the reduced 
mean free path of the Ne+ ions in the higher-pressure regime.  
 
In addition to the high-pressure XPS capabilities, high-pressure LEISS with 1keV He+ was also tested on 
GaSb at pressures ranging from UHV conditions to 5E-3 torr pressures. As with the XPS results, the 
LEISS data is not quantifiable at the 5E-3 torr pressures, but does show quantifiable data up to 1E-3 torr. 
In addition, an Ar peak is observed at the background pressures of 5E-4 torr and 1E-3 torr, showing that 
ion scattering also occurs on the background gas at high enough pressures. These results also show the 
potential to perform in-operando LEISS analysis during ion irradiation, with the potential of using the 
LEISS source as both the modification source and probing source using 500eV Ne+. It is also important to 
note that Figure 4.3 shows that the Sb concentration is significantly higher than that of the Ga 
concentrations during the LEISS irradiations for all pressure conditions; this result is in good agreement 
with the previous ARAES studies and can further detail the Sb enrichment process just before 





4.2 Experimental details 
 
The experiment focuses on performing in-operando XPS and in-operando LEISS on as-is (that is, with the 
native oxide layer) GaSb (100) under ion irradiation during the early stages of ion-induced 
nanopatterning, specifically looking for compositional changes at the surface just before the onset 
fluence. In order to collect iterative XPS or LEISS scans in a small enough fluence step, low-flux ion 
sources were needed (~1E12cm-2s-1). Unlike the previous GISAXS experiments in which spectra was 
obtained every 15 seconds, the XPS and LEISS scans require about 100 to 120 seconds to scan the full 
energy range and have good enough statistics for peak fitting and quantification. Additionally, the 
analyzer settings were optimized for both XPS and LEISS experiments, with the XPS running in the fixed 
analyzer transmission mode with a pass energy of 20eV and the LEISS running in fixed retard ratio mode 
with a retard ratio of 5. As such, the experiment is split into two different experimental sets, in-operando 
XPS and in-operando LEISS.  
 
The in-operando LEISS experiments focus on utilizing a 500eV Ne+ LEISS beam in order to investigate 
the first monolayer’s compositional evolution. The 500eV Ne+ was chosen at a time the IGNIS facility 
only had one low-flux ion source; the 500eV Ne+ ion beam could be both the modifier and the LEISS 
probe. The ion source was at 22.5 degrees from vertical, with the sample directly facing the source and 
the sample-to-analyzer angle set at 67.5 degrees, as shown in Figure 4.4. The 500eV Ne+ LEISS 
experiment required a calibration for determining empirically the relative sensitivity factors for 500eV 
Ne+ scattering from either Ga or Sb atoms at the GaSb surface. As such, the 500eV Ne+ LEISS beam was 
also used for the dual beam experiments. In this setup, the LEISS beam position was set to the same 22.5 
degrees from vertical, with the second modification beam – either 500eV Ar+ or Kr+ – at 45 degrees from 
vertical and the sample facing the modification beam, and the sample-to-analyzer angle at 45 degrees, as 
shown in Figure 4.4. While the samples angle does change between the two experiments, the angle 




112.5 degrees backscattering. Additionally, the fluxes between the LEISS beam and the irradiation beam 
for the dual beam experiments are such that the LEISS beam is at least an order of magnitude less than 
that of the irradiation beam, with the individual fluxes shown in Table 4.1. 
 
Table 4.1: Ion conditions for the in-operando LEISS experiments 
 




angle Flux (cm-2s-1) 
Irradiation 
angle 
Ne experiment 8.05E+12 112.5 N/A 0 
Ar experiment 1.87E+11 112.5 7.99E+12 0 




Figure 4.4: Geometry of the 500eV Ne+ LEISS experiment (left) and the geometry of 
the dual beam 500eV Ne+ LEISS with 500eV Ar+/Kr+ irradiation experiments.  
 
The in-operando XPS experiments also focused on the 500eV Ne+, Ar+, and Kr+ ion irradiations. For this, 
the ion source was set at the 22.5 degrees from vertical position with the GaSb sample facing it, the 
sample to analyzer angle was set to 67.5 degrees (the so-called take-off angle in this case), and the HP-




























The analyzer was optimized to collect a full spectrum of the Ga3d and Sb4d peaks about every 120 
seconds in fixed analyzer transmission mode using a pass energy of 20eV, 0.3 second dwell time, and a 
0.1eV step size. The ion conditions are shown in Table 4.2.  
 
Table 4.2: Experimental conditions for the in-operando XPS experiments for 500eV 
Ne+, Ar+, and Kr+ ion irradiations. 
 
Flux (cm-2s-1) Take-off angle Irradiation angle 
Ne experiment 8.05E+12 67.5 0 
Ar experiment 1.87E+11 67.5 0 
Kr experiment 3.75E+11 67.5 0 
 
 
Figure 4.5: Geometry of the in-operando XPS 
experiments, with a take-off angle for the collected 
photoelectrons of 67.5o. 
 
The in-operando XPS spectra was quantified using the CasaXPS program and the database of sensitivity 
factors built-in [4]. Along with the quantification, error analysis was performed using the Monte Carlo 




















4.3 XPS and LEISS calibration of Ga and Sb 
 
Before starting the in-operando experiments, a closer look at the quantification of LEISS on the GaSb 
system needs to be done. Brongersma et al. shows that quantification of ISS for a binary system 













                 Equation 4.1 
 
Where SA and SB are the LEISS signal areas for elements A and B respectively, 𝑆!
!"#and 𝑆!
!"# are the 
LEISS signal areas for the calibration reference samples for elements A and B respectively, and 𝑁!
!"# and 
𝑁!
!"# are the surface densities of the references samples A and B, respectively. From here, we can define 
a LEISS calibration factor, or a relative sensitivity factor for element B to A, for the binary system 
defined as: 
 






!"#               Equation 4.2 
 





              Equation 4.3 
 
Equation 4.3 thus shows a very similar quantification as XPS, but without the need to consider inelastic 
mean free paths. Taking a closer look at the LEISS signal area SA for an element A, Brongersma et al. 








∙ 𝑡 ∙ 𝜉 ∙ 𝑆𝑡𝑓! ∙ 𝜂! ∙ 𝑁!             Equation 4.4 
 
Where e is the elementary charge unit, Ip is the ion current, t is the acquisition time, 𝜉 is the instrument 
factor, NA is the surface concentration of element A, StFA is the steric factor (equal to 1 for surface atoms) 
and 𝜂! is the product of the scattering cross section and the neutralization survival probability for the ion 
p scattering off of an atom A. Here, since matrix effects are considered negligible, the steric factor is 
assumed to be 1.  
Looking at the results, we find that the relative sensitivity factor is dependent on the surface density, 
neutralization survival probabilities, ion beam fluxes, and scattering cross sections for elements A and B. 
Several works, including Al-Etwani et al., have simply used the scattering cross sections in order to 
quantify LEISS spectra for binary systems. However, as shown in Equation 4.4, this is not enough for 
accurate quantification. Specifically, the neutralization survival probabilities need to be considered when 
performing LEISS quantification utilizing an electron/ion energy analyzer – an analyzer system that can 
detect both neutrals and ions would not need to consider the neutralization survival probabilities of the 
scattered ions. According to Brongersma et al., Ne+ scattering off of Sb for LEISS behaves what is termed 
“classically” in that Equation 4.4 is valid as is. However, Ne+ scattering off of Ga for LEISS does not 
behave “classically” and shows a non-linear resonance behavior in the neutralization survival probability 
as a function of ion energy due to B-RN neutralization processes [5]. Essentially this limits the ability to 
use the results and calibrations of Ne+ LEISS on GaSb from previous studies – for which there is one 
study that utilized 1keV Ne+ [1]. Thus, in order to correctly quantify the 500eV Ne+ LEISS results on 
GaSb, a calibration experiment needs to be performed on pure Ga and pure Sb reference samples.  
Looking closer at the 1keV Ne+ LEISS study of GaSb, InSb, and CdSe performed by Yu et al., they did 
perform calibrations to determine the relative sensitivity factors empirically using pure Sb samples and 




(99.9995%) 1-inch diameter Sb sputtering target with no backing was purchased from the Kurt J Lesker 
company and pure (99.9999%) Ga pellets were purchased from Sigma-Aldrich. The Ga pellets were 
melted on a quartz glass slide over a 1-inch square area with a 0.5mm tantalum wire wrapped from the Ga 
to the backside of the slide to prevent charge buildup during the LEISS and XPS calibrations. The 
calibration experiments were performed in 2-stages. The first stage consisted of performing in-operando 
XPS during 500eV Ne+ irradiation with the intention of removing the native oxides for the Ga and Sb 
reference samples and taking in-situ XPS measurements of the now oxide-free reference samples. The 
second stage, immediately following the XPS measurements, obtained 500eV Ne+ LEISS scans of the 
reference samples. All XPS and LEISS conditions, including analyzer settings, are the same as those 
outlined in the experimental methods section. Figure 4.6 shows the in-operando XPS stage of the 






Figure 4.6: in-operando XPS of the Ga standard sample during oxide removal showing the Ga2p region (top left), 
Ga3d region (top right), and O1s region (bottom).  
 
Figure 4.6 shows the in-operando XPS of the Ga reference sample during oxide removal with 500eV Ne+ 
for the Ga2p, Ga3d, and O1s regions. Looking specifically at the oxide removal, the O1s region shows the 
evolution of the O1s peak until the peak is removed after a fluence of 4.6E16cm-2. Additionally, the Ga2p 
and Ga3d region scans also show the removal of the Ga-oxide peaks and the asymmetric Ga2p and Ga3d 






Figure 4.7: in-operando XPS of the Sb standard sample during oxide removal showing the Sb4d region (left) and 
the O1s/Sb3d region (right).  
 
Similarly, the in-operando XPS of the Sb reference sample during oxide removal for the Sb4d and 
O1s/Sb3d regions is shown in Figure 4.7. Just as in the Ga in-operando XPS scans, the O1s peak is 
shown to disappear from the Sb reference sample after a fluence of 3.5E16cm-2. For the Sb4d region, the 
scans show the removal of the Sb-oxide with the symmetric metallic Sb4d peak doublet increasing with 
ion fluence.  
 
 
Figure 4.8: post-oxide in-situ XPS calibration peak fits for the Ga3d peak of elemental Ga (left) and the Sb4d peaks 





After the oxide removal for the Ga and Sb reference samples, the ion beam was turned off in order to take 
XPS reference scans of the Ga3d and Sb4d regions, respectively, shown in Figure 4.8. These scans show 
that the Ga3d spin doublet is not resolvable with the experimental setup and needs to be treated as one 
peak. The metallic Ga3d peak is observed at 18.5eV with a FWHM of 1.03 eV and asymmetric peak 
shape. The metallic Sb4d peaks are observed at 33.2eV and 32.0 eV, both with FHWM’s of 0.94eV. 
Unlike the Ga3d peak, the Sb4d peaks show a symmetric peak shape which is consistent with standard 
XPS data of metallic Sb.  
 
 
Figure 4.9: post-oxide in-situ 500eV Ne+ LEISS data and calibration peak fits for elemental Ga (left) and elemental 
Sb (right) data. 
 
Following the in-situ XPS scans of the Ga and Sb reference samples after the native oxide removal, 
500eV LEISS scans were taken, shown in Figure 4.9. The Ga peak is positioned at 216.9eV with a 
FWHM and peak area of 17.8eV and 1.21E5 ± 1.63E3, respectively. The Sb peak is positioned at 
316.2eV with a FWHM and peak area of 17.8eV and 2.01E6 ± 4.68E3, respectively. These results show 
that the Ga and Sb LEISS peaks are almost 100eV apart – and are thus easily resolved – and that the Sb 
peak area is over an order of magnitude larger than the Ga peak area. From here, the relative sensitivity 
factor is calculated by using Equation 4.2. For NGa and NSb, the inverse values are 7.26E-20m2 and 
9.70E-20m2 as used by Yu et al [1], respectively. This gives the value of 12.8 ± 1.2 for the relative 




4.4 In-operando XPS of GaSb under ion irradiation 
 
The in-operando XPS experiments were designed to investigate the compositional evolution of GaSb 
under 500eV Ne+, Ar+, and Kr+ irradiation during the early stages of ion-induced nanopatterning. The 
goal of these experiments is to investigate this evolution up to the threshold fluences of nanopattern 
formation as determined in the previous GISAXS experiments. The raw data set for each experiment is 
shown in Figure 4.10.  
 





As with the GISAXS data shown in the previous chapter, displaying the in-operando XPS with all the 
spectra plotted on top of each other does not show a reasonable data visualization. As such, the spectra are 
plotted as a contour plot against the ion fluence for each scan, shown in Figure 4.11.  
 
 
Figure 4.11: XPS contour plots for the 500eV Ne+ (top left), 500eV Ar+ (top right), and the 500eV Kr+ (bottom) ion 
cases.  
 
With the XPS data plotted as contour plots, the actual trends of the Ga3d and Sb4d peaks can be observed 
versus the ion fluence. For all of the cases, it can be seen that the Sb4d oxide peaks are observed to 
immediately be removed after quite a short fluence, less than 1E16cm-2. In contrast, the Ga3d oxide peaks 
are seen to last for much higher fluences; this shows that the Ga oxide formation is energetically 




of both the Sb4d and Ga3d regions, with most of the peak intensity changes occurring during oxide 
removal. To look at this in more detail, quantification of the Sb4d and Ga3d peaks is performed in the 
CasaXPS program and is shown in Figure 4.12 [4]. 
 
 
Figure 4.12: XPS composition plots for 500eV Ne+ (top left), Ar+ (top right), and Kr+ (bottom).  
 
Figure 4.12 shows the compositional evolution of Ga, Sb, Ga-oxide, and Sb-oxide versus ion fluence for 
the 500eV Ne+, Ar+, and Kr+ irradiations of GaSb. There are a few trends observed across the irradiations. 
First, Sb-oxide is immediately removed once the ion irradiations have started with a removal fluence of 
8.9E15cm-2, 9.8E15cm-2, and 8.9E15cm-2 for the 500eV Ne+, Ar+, and Kr+ irradiations, respectively. This 




Sb-oxide is not primarily caused by sputtering but likely ion-induced dissociation of Sb-oxide. This is 
further seen with the increase in Ga-oxide composition during the removal of Sb-oxide. After the removal 
of Sb-oxide, the remaining Ga-oxide is observed to decrease until removed at a fluence of 5.1E16cm-2, 
4.0E16cm-2, and 3.7E16cm-2 for 500eV Ne+, Ar+, and Kr+, respectively. Finally, the Ga and Sb 
compositions are shown to increase during oxide removal, with the Ga composition increasing faster than 
the Sb composition for all ion cases. In fact, the Ga and Sb compositions essentially reach a near steady-
state composition of 43% Sb, 42% Sb, and 46 % Sb just before the onset of nanopatterning for the 500eV 
Ne+, Ar+, and Kr+ irradiations, respectively. Taking these results by themselves would suggest that GaSb 
becomes slightly Ga enriched at the surface. 
 





Looking closer at the trends observed with the oxide removal, the total oxide signal (Sb-O + Ga-O) is 
plotted for each ion case against fluence, shown in Figure 4.13. In plotting the oxide composition in this 
way, the comparison can be made with the oxide removal study done in the previous GISAXS chapter 
using an in-situ Auger setup. Here we find good agreement in both the general trend/shape of the oxide 
removal graphs and with the oxide removal fluences for each ion species.  
 
In addition to looking at all of the in-operando XPS spectra and their collective trends, XPS can also give 
information on the chemical state of the system. For this, the individual line scans just before the ion-
induced nanopatterning threshold fluence is looked at for each ion condition, as shown in Figure 4.14.  
 
Figure 4.14: XPS scans for 500eV Ne+ (top left), Ar+ (top right), and Kr+ (bottom) with the peak fits just before the 





Looking at the XPS peak fits for the Ga3d and Sb4d regions just before ion-induced nanopatterning is 
expected can give insight into the compositional and chemical state leading to this early stage formation. 
This is mainly seen from any peak shifts and changes in FWHM. Looking at previous XPS results of the 
Ga3d and Sb4d peaks in GaSb, pure Ga, and pure Sb it can be seen that the primary difference in peak 
position occurs with the Ga3d peak fit going from 18.3eV in the pure Ga state to 19.0eV in the GaSb 
system, and that the FWHM’s between the pure elements and GaSb are quite similar, less than 10% 
difference. Looking back at Figure 4.14, it can be seen that the Ga3d peak fit positions (FWHM) are 
19.0eV (1.38eV), 18.8eV (1.13eV), and 18.7eV (1.09eV) for the 500eV Ne+, Ar+, and Kr+ experiments, 
respectively. These values, especially for the Ar and Kr cases, are between the metallic Ga3d peak 
position (18.5eV) as determined during the calibration section of this chapter and the expected Ga3d peak 
position (19.0eV) from the references. Additionally, the FWHM for the Ga3d fits for each of the 
irradiations has increased by ~10%, with the 500eV Ne+ increasing by over 30%, and the 500eV Ne+ 
Ga3d peak fit is asymmetric, as shown in Figure 4.15 
 
 
Figure 4.15: Closer look at the Ga3d peak fit for the 500eV Ne+ ion irradiation just before the onset fluence 





Asymmetric peak fits are an artifact of a metallic bond, such as in the case of pure Ga [6]. This 
asymmetry in the Ga3d peak fit, along with the larger FHWM’s and the peak positions being between the 
pure Ga and GaSb positions, suggest that there is phase segregation occurring at the surface and could 
give more insight into the response of GaSb under ion irradiation. This will be discussed in more detail in 
the discussion section. 
4.5 In-operando LEISS of GaSb under ion irradiation 
 
The in-operando LEISS experiment was designed to be complimentary to the in-operando XPS 
experiments. Unlike the in-operando XPS experiments, the in-operando LEISS experiments rely on 
measuring the energy loss due to scattering of 500eV Ne+ ions. For the 500eV Ne+ irradiation, this 
doesn’t involve too many complications. However, for the 500eV Ar+ and Kr+ irradiations, this involved 
utilizing a second 500eV Ne+ ion beam to be used for the actual LEISS measurements. This involves a 
few complications, with the primary issue revolving around being able to differentiate contributions to the 
LEISS spectra from the primary, higher-flux irradiation beam and the secondary, low-flux Ne+ LEISS 
beam. Figure 4.16 shows the individual signals for the 500eV Ne+ LEISS beam versus the 500eV Ar/Kr 
irradiation beam.  
 





It can be seen that the 500eV Ar/Kr irradiation beams primarily contribute to the ionized sputtered 
distribution of the LEISS spectra, with minimal signal overlapping with the Ga and Sb LEISS peaks. 
Additionally, the 500eV Ar irradiation beam does have an Sb LEISS peak at a kinetic energy around 
150eV, but this is far enough away from the 500eV Ne+ Ga peak. Effectively, Figure 4.16 shows that 
while the 500eV Ne+ LEISS beam has a much smaller flux than the irradiation beams, the LEISS peaks 
generated under the dual irradiation conditions are effectively not influenced by the irradiation beams and 
can be quantified normally.  
 
Figure 4.17: All LEISS scans plotted for the 500eV Ne+ LEISS experiment (top left) and the dual-beam 500eV Ar+ 
(top right) and Kr+ experiments (bottom). 
 
Using a similar approach to the in-operando XPS data analysis, Figure 4.17 shows all of the LEISS data 
plotted on the same graph for all of the ion cases. The plots show the distinctive 500eV Ne+ Ga and Sb 




plural scattering shoulder at the higher kinetic energy range. Additionally, the ionized sputtered 
distributions can be seen starting at the lower kinetic energies, with the 500eV Ar+ and Kr+ experiments 
having a much larger and intense distribution due to the dual ion beam setup; essentially, the larger flux 
Ar+ and Kr+ ion beams contribute significantly more to the ionized sputtered distribution than the low flux 
Ne+ LEISS beam. Finally, the Ar+ LEISS data does show a 500eV Ar+ Sb LEISS peak centered at 150eV. 
 
As with all previous in-operando data sets, plotting the raw data on the same graph for each ion case does 
not give us the qualitative picture needed. However, using a contour style plot does not work with the 
LEISS data since the Sb peak is an order of magnitude larger than the Ga peak; essentially, the Ga peaks 
become shadowed by the intensity of the Sb peaks. Thus for the LEISS data, the 1-D plots are plotted 
together based up the observed trends of the Ga and Sb peaks versus fluence. The 500eV Ne+ LEISS data 





Figure 4.18: 500eV Ne+ LEISS stages of GaSb split into the different observed trends.  
 
The 500eV Ne+ LEISS data shows three unique trends with fluence. The first trend, starting at a fluence 
of 1.1E15cm-2, shows both the Ga and Sb LEISS peaks increasing with fluence up to 6.6E15cm-2. While 
this may seem counter-intuitive at first, this increase of both peaks is a product of the initial oxide 
removal of the GaSb surface, where the system is going from a trinary system (consisting of Ga, Sb, and 
O) to a binary system of just Ga and Sb. The second trend shows a clear decrease in the Ga peaks and an 
increase in the Sb peaks with fluence, from 6.6E15cm-2 up to 3.8E16cm-2. Finally, the final trend shows 






Figure 4.19: 500eV Ar+ LEISS stages of GaSb split into the different observed trends. 
 
The dual-beam 500eV Ar+ LEISS experiments show very similar trends as seen in the 500eV Ne+ LEISS 
experiment. The first trend, starting at a fluence of 1.1E15cm-2, shows both the Ga and Sb LEISS peaks 
increasing with fluence up to 8.0E15cm-2, with the same explanation of the system going through oxide 
removal. The second trend shows a clear decrease in the Ga peak area through an increasing background 
around the peak and an increase in the Sb peaks with fluence, from 8.0E15cm-2 up to 3.5E16cm-2. Finally, 






Figure 4.20: 500eV Kr+ LEISS stages of GaSb split into the different observed trends. 
 
The dual-beam 500eV Kr+ LEISS experiments show very similar trends as compared to both the 500eV 
Ne+ and Ar+ LEISS experiment. The first trend, starting at a fluence of 1.1E15cm-2, shows both the Ga 
and Sb LEISS peaks increasing with fluence up to 5.6E15cm-2, with the same explanation of the system 
going through oxide removal. The second trend shows a clear decrease in the Ga peak area through an 
increasing background around the peak and an increase in the Sb peaks with fluence, from 5.6E15cm-2 up 
to 2.5E16cm-2. Finally, the final trend shows very little change of the Ga and Sb peaks, up to the final 







Figure 4.21: Sb composition versus fluence for the 500eV Ne+, Ar+, and Kr+ in-operando LEISS studies.  
 
Unlike the in-operando XPS results, the in-operando LEISS results show a completely different 
compositional evolution, as shown in Figure 4.21. Initially, all ion conditions show the Sb composition 
drop below 40% Sb followed then by an increasing trend in Sb composition, likely due to the oxide 
removal. After this initial trend, the composition is seen to increase until reaching an effective steady-
state composition of 89% ± 4% Sb, 81% ± 6% Sb, and 75% ± 4% Sb for the 500eV Ne+, Ar+, and Kr+ 
irradiations, respectively.  Unlike the XPS investigation, taking the LEISS results would lead to the 
conclusion that the GaSb surface becomes Sb enriched during ion irradiation.  
 
The LEISS results combined with the in-operando XPS results show that a single compositional 
technique is not sufficient in determining whether the surface becomes Ga or Sb enriched, especially in a 
system that has a non-uniform compositional depth profile as a function of depth. This will be expanded 
upon in the discussion section. What is unique about the LEISS data is that the data gives the composition 






The in-operando XPS and LEISS results suggest quite a few interesting results. Starting with the 
comparison between the two techniques, the in-operando XPS results show the surface composition 
reaches a steady-state Ga enrichment before the onset fluence of ion-induced nanopatterning. In contrast, 
the in-operando LEISS results show that the surface composition reaches an effective steady-state highly 
Sb-enriched composition. The first issue that needs to be addressed is the relevant information depths of 
the in-operando XPS results versus that of the in-operando LEISS results. For the XPS results, the kinetic 
energies and subsequent inelastic mean free paths of the photoelectrons need to be considered. The 
SESSA program is utilized to simulate the inelastic mean free paths of the Sb4d5/2 (1454.5eV kinetic 
energy) and of the Ga3d3/2 (1467.9eV kinetic energy) photoelectrons [7]. The results give the inelastic 
mean free paths as 3.2nm for both the Ga3d3/2 and the Sb4d5/2 photoelectrons, leading to an information 
depth of 3.7nm – with the information depth defined as 3 times the inelastic mean free path multiplied by 
the cosine of the take-off-angle. This means that the XPS results are coming from within the 3.7nm 
information depth as determined by the SESSA calculation, whereas the in-operando LEISS data is 
coming directly from the first monolayer of the surface. This brings about the first issues to be discussed: 
comparing different compositional techniques with different information depths and non-uniform 
compositional depth profiles.  
Previous research on ion-induced nanopatterning of GaSb has presented conflicting data on whether the 
surface becomes Ga or Sb enriched. The answer here stems from the fact that the GaSb surface does not 
have a uniform depth profile, something that many of the theoretical models assume. In fact, previous 
research and results show that the depth profile is non-uniform, including work previously done for this 
research [8]. So this does not mean that the previous results are necessarily wrong, but the conclusions 
drawn by the results are not complete. Going back to the results obtained in this work, it is clear that the 




XPS results show a Ga enriched surface is that there is a highly enriched Ga sub-surface region just below 
the first monolayer that is still within the 10nm information depth for the XPS experiment. A schematic 
of this surface and the relevant information depths is shown in Figure 4.22.  
 
 
Figure 4.22: Schematic of a non-uniform depth profile with different information depth probing sources (left) and 
ARAES results from my Master’s thesis showing a non-uniform Sb-enriched compositional depth profile.  
 
Here the schematic of the different information depths on a non-uniform surface shows how different 
techniques, or even comparing peaks with dissimilar information depths, can lead to situations where the 
results can indicate Ga or Sb enrichment with relatively high confidence. This brings forth an issue that 
needs to be addressed when performing the compositional analysis of any surface: the information depths 
used between different compositional peaks need to be relatively similar for each set used in direct 
quantification analysis. Additionally, this also shows that ideally more than one set of information depths 
or techniques is used to characterize the surface.  
To further elaborate on this point, an in-operando XPS experiment was also performed on the Ga2p and 







Figure 4.23: In-operando XPS contour plots for GaSb under 500eV Kr+ irradiation looking at the Ga2p region (left) 
and the Sb3d region (right). 
 
The trends observed for the Ga2p and Sb3d experiment essentially shows the same expected qualitative 
trends as observed with the Ga3d and Sb4d experiments, with the exception that the Sb-oxide removal 
seems to take just as long as the Ga-oxide removal. This is due to the presence of the O1s peak (531.7eV) 
being right next to the Sb-O Sb3d peak (531.2eV). In having now two Sb regions (Sb3d and Sb4d) and 
two Ga regions (Ga2p and Ga3d) and cross analysis can be performed in which quantification is done 







Figure 4.24: XPS compositional analysis for GaSb under 500eV Kr+ ion irradiation performing quantification with 
the Ga2p and Sb4d regions (top left), the Ga3d and Sb4d regions (top right), the Ga2p and Sb3d regions (bottom 
left), and the Ga3d and Sb3d regions (bottom right).  
 
The quantification of the in-operando XPS results using different Ga and Sb regions shows that the 
reported composition of the GaSb system can be drastically different depending on the regions used for 
the quantification. In particular, when comparing and quantifying the Ga2p and Sb4d regions, with 
respective information depths of 1.3nm and 3.7nm, the results suggest that the GaSb surface is highly Ga 
enriched. In contrast, if quantification is done using the Ga3d and Sb3d regions, with respective 
information depths of 3.7nm and 2.6nm, then the results show that the surface is highly Sb enriched.  
Additionally, when comparing the Ga2p and Sb3d regions – the most common regions to perform XPS 
quantification of GaSb – then the results show a slight Sb enrichment of the surface which is in agreement 




regions is a direct result of the non-uniform compositional profile of GaSb after ion irradiation and is the 
likely culprit of other works suggesting conflicting results as to whether GaSb becomes Sb or Ga 
enriched. This shows the importance of not only quantifying XPS regions with similar information depths 
when a non-uniform profile is expected, but in also utilizing other techniques that have different surface 
sensitivities, such as LEISS. 
LEISS characterization has been previously performed in-situ on GaSb after ion irradiation, most notably 
by Osman et al. [2] and Yu et al. [1], with the results showing a slight Ga or Sb enrichment depending on 
ion energy and a strong Sb enrichment, respectively. Here the issue comes down to the quantification of 
LEISS data. For the LEISS performed by Osman et al., the neutralization probabilities for the scattered 
LEISS ions were not taken into consideration for the quantification. However, with Yu et al. the 
quantification did include consideration of the neutralization probabilities using an empirical calibration 
on standard Ga and Sb samples – the same approach taken in this work. When comparing the surface 
enrichment of GaSb under ion irradiation with Yu et al., it is found that there is very good agreement with 
the work presented and a strong Sb enrichment of the surface. This shows that performing a detailed 
calibration – allowing for the quantification to include the neutralization probabilities – is essential for 
LEISS analysis.  
Another point of discussion is the high enrichment of Sb at the very surface during ion irradiation of 
GaSb. Several works have shown that the self-diffusion of Sb inside the GaSb matrix is significantly 
smaller (several orders of magnitude smaller) than that of Ga self-diffusion [9-11]. Thus, in order for the 
very surface of GaSb to be so highly enriched with Sb, a radiation-driven diffusion or segregation 
mechanism(s) is likely at play. Sb diffusion in the GaSb matrix happens via a plane-passing mechanism, 
via transformation of VSb to VGaGaSb. This mechanism, and subsequently the reason for the incredibly low 
Sb self-diffusion, does not happen much under thermal equilibrium conditions. However, under ion 
irradiation the number of VSb and VGa vacancies and GaSb substitutions increase dramatically due to the 




diffusion near the surface, an ion-enhanced diffusional effect. However, while an enhanced diffusion can 
lead to a changing surface composition, the large surface composition of Sb tied to the composition being 
relatively steady-state suggests an ion-induced or ion-enhanced surface segregation mechanism of Sb. 
Previous works have suggested that Gibbsian segregation of Sb to the surface could explain Sb 
enrichment in the GaSb system under ion irradiation, an ion-enhanced Gibbsian segregation mechanism. 
The in-operando XPS and LEISS results present here agree with this assessment, especially with the high 
Sb enrichment observed from the LEISS data.  
Finally, the last topic of discussion needs to revolve around the specific driving mechanism(s) that lead to 
ion-induced nanopatterns on the GaSb system. As seen previously in the in-operando GISAXS chapter, 
the relatively unchanging topography evolution in the fluence regime just before the onset fluence of ion-
induced nanopatterning was one of the main motivators for investigating the compositional evolution 
using an in-operando setup. However, the in-operando XPS and LEISS results show that the surface 
composition reaches an effective steady-state composition well before the onset fluences for all ion cases; 
the in-operando XPS results show a slight enrichment of Ga and the in-operando LEISS results show a 
significant enrichment of Sb. This result suggests that a mechanism not directly tied to the experimentally 
measurable compositional evolution is involved and requires a unique approach: combining experimental 
results into computational modeling.  
A massive-scale molecular dynamics simulation was performed, led by Mike Lively, on the GaSb surface 
with a pre-constructed compositional depth profile determined by experimental ARAES results just 
before the ion-induced nanopatterning onset fluence, shown in Figure 4.25. The MD simulation, ran in 
the LAMMPS MD package [12], investigates the GaSb surface under 500eV Kr+ irradiation. The 





Figure 4.25: MD results of 500eV Kr+ irradiation on a pre-constructed GaSb surface (a), based on a compositional 
depth profile (b.), the final GaSb surface after ion irradiation showing Ga and Sb cluster formation (c.), and the 
coordination number and distance of Ga and Sb clusters (d.).  
 
Figure 4.25 shows the results of the massive-scale MD work in which a GaSb surface is pre-constructed 
(Figure 4.25a) with an experimentally determined depth profile (Figure 4.25c). 500eV Kr+ ion 
irradiation is the simulated leading to the post-irradiation surface (Figure 4.25b) and resulting Ga/Sb 
cluster formation (Figure 4.25d). The results of the MD simulation suggest that if a surface 
compositional gradient does exist, as the XPS and LEISS results suggest in this chapter and the Angle-
Resolved Auger Electron Spectroscopy results show in Holybee’s master’s thesis [8], then phase 
segregation of both Ga and Sb clusters is possible. This result – along with the experimental results 
observed with the surface composition of GaSb just before ion-induced nanopatterning – suggests that 
these clusters could ultimately lead to the observed nanopatterns at the surface via a sputter shield type 
mechanism. However, in order to confirm this as the actual mechanism resulting in ion-induced 






This chapter shows the first use of the in-operando XPS and LEISS techniques utilized for investigating 
the compositional evolution of GaSb under ion irradiation leading up to and past the onset fluence for ion-
induced nanopatterning. These techniques, especially the in-operando XPS, are unique in that the surface 
composition can be observed during high pressure ion irradiation of a sample surface. This technique will 
have the potential in investigating other material systems – such as relevant fusion materials under 
deuterium and helium irradiations – and has the potential to be used as a process control. This use of in-
operando XPS and LEISS as a process control will be investigated in the next chapter looking at the thin-
film Au on Si interface during ion irradiation. 
In addition to developing the in-operando XPS and LEISS techniques, this chapter has also provided 
evidence as to the driving mechanisms leading to ion-induced nanopatterning on GaSb with the help of a 
massive MD simulation. The in-operando LEISS results show that the GaSb surface becomes very Sb-
enriched at the first monolayer after the native oxide is removed. The high Sb enrichment of the surface, 
89%, 81%, and 75% for the 500eV Ne+, Ar+, and Kr+ irradiations, respectively, suggests that there is a 
strong ion-induced or ion-enhanced surface segregation of Sb during ion irradiation. This is in agreement 
with other works suggesting that a Gibbsian segregation of Sb could be a driving mechanism for the 
compositional evolution of GaSb during ion irradiation. Additionally, the massive-scale MD simulations 
have also suggested that both Sb and Ga phase segregation can occur with a non-uniform compositional 
profile and that Sb and Ga clusters are results of such a depth profile during ion irradiation. These results 
suggest that these clusters, likely with the larger Sb clusters, lead to the cone-like nanofeatures observed 
via an impurity shielding mechanism. This is further supported by the in-operando XPS results which 
showed a metallic like nature for the Ga3d peaks, with the increase in the FWHM from the expected 





Future work resulting from this chapter would include utilizing different in-operando techniques in order 
to investigate the potential Sb and Ga clusters forming during ion irradiation of GaSb. Specifically, the in-
operando XPS – while it is chemistry dependent – does not have the best resolution to resolve either 
metallic Ga or Sb states from the non-metallic Ga/Sb peaks observed in GaSb. However, optical 
spectroscopies would be able to distinguish the states quite clearly. Developing an in-operando 
photoluminescence spectroscopy technique or a Raman spectroscopy technique would give clear 
experimental evidence of the formation of metallic Ga and Sb clusters. Additionally, other III-V material 
systems can be investigated during ion irradiation. Specifically, GaAs would be a unique system to 
observe to see if a strong surface enrichment of As occurs during ion irradiation with Ne+ and Ar+ – ions 
that have been shown not to lead to ion-induced nanopatterning – versus ion irradiation with Kr+ and Xe+ 
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This chapter consists of research investigating the effects of sample temperature – both cryogenic 
temperatures down to -100C and high temperatures up to 500C – on ion-induced nanopatterning of GaSb. 
Ion irradiation is performed with a high flux broad beam ion source at an energy of 500eV with Ar+ and 
Kr+ ions to a fluence of 2E18cm-2 for all sample temperatures. The results show no ion-induced 
nanopattern formation for sample temperatures below 100C for the 500eV Ar+ irradiations and no ion-
induced nanopattern formation for sample temperatures below 300C for the 500eV Kr+ irradiations. AFM 
analysis shows that for the ion-induced nanopatterns formed, both nanofeature height and mean radius 
increase at higher temperatures. However, the high temperature irradiations also show a decrease in the 
nanopattern order.  
5.1 Introduction 
 
Ion-induced nanopatterning of semiconductors has typically been investigated at room temperature 
conditions, focusing more on analyzing the effects of the ion conditions and semiconductor material on 
the ion-induced nanopatterning process. In 2013, Xin Ou et al. showed that high temperature ion 
irradiation of the Ge (100) and (111) surfaces lead to an ion-induced nanopatterning regime that prevents 
the surface from becoming amorphous and leads to nanofeatures that form based on the crystallinity of 
the surface [1].  In this study, inverse pyramid-like nanofeatures organized in a four-fold symmetry 
checkerboard type pattern were observed to form under 1keV Ar+ ion irradiation. Stemming from this 




occurs. The results found that for 1keV Ar+ irradiations crystalline nanogroove features formed on the 
surfaces of GaAs and InAs at sample temperatures of 410C and 320C, respectively [2]. Further works 
have shown that the nanogrooves formed on the GaAs surface form on the crystallographic dimer rows 
[3] and that at near normal incidence angles the surface diffusion dynamics and step-edge barriers – such 
as the Ehrlich-Schwoebel barrier –  are the driving mechanisms that lead to the crystalline nanogrooves 
observed [4].  
The reverse epitaxy work has thus far only investigated the Ge, Si, GaAs, and InAs semiconductor 
material systems, and has not looked into the GaSb system. This chapter aims at investigating whether the 
GaSb (100) surface undergoes the transition from room temperature sputtering based ion-induced 
nanopatterning to the reverse epitaxy crystalline nanopatterning observed with GaAs and InAs. In 
addition to investigating the reverse epitaxy regime on GaSb, cryogenic temperatures are also investigated 
to find if ion-induced nanopatterning order increases at lower temperatures or if there is a low temperature 
threshold. By decreasing or increasing the sample temperature, the  magnitude of diffusional effects can 
be drastically modified. At the cryogenic temperatures, these diffusional effects are dramatically 
decreased such that ion erosion of the surface and ion-induced compositional changes dominate. In the 
other direction, increasing the sample temperature will increase diffusion effects, especially surface 
diffusion mechanisms such as the E-S barrier, and maintain the crystallinity of the surface – for 
temperatures above the re-crystallization temperature.  
5.2 Experimental details 
 
The experiments were carried out in the IGNIS facility outfitted with an Ion Tech, Inc.  Kaufman type ion 
beam source to irradiate materials.  The source creates a 3 cm diameter beam as it exits the aperture, 
accelerated by two Mo grids, with the plasma being generated utilizing a W filament.  It is capable of 
generating ion beams with energies 50-1200 eV over a flux range of 1E15-1E16 ions/cm2 utilizing any 




independent control over the cathode filament current, discharge voltage, and voltages applied to each 
optical grid. In addition to the broad beam source, IGNIS is outfitted with a multi-axis UHV Design 
sample manipulator with both liquid N2 cooling capabilities – down to -125C – and a tantalum filament 
based heater capable of heating to a continuous temperature of 800C.  
The target fluence for the GaSb irradiations was set to 2E18cm-2 based on the previous GISAXS results – 
in which the onset threshold fluence was determined to be 5.80E16cm-2 and 4.59E16cm-2 for 500eV Ar+ 
and Kr+, respectively – and on previous literature outlined in the introduction. The original experiment 
planned on using 500eV Ne+ irradiation as well, but the Veeco broad beam source had issues running the 
ion beam with the highest achievable fluxes at 7.5E13cm-2s-1, requiring an irradiation time of nearly 7.5 
hours in order to reach the 2E18cm-2 fluence target. Sample temperatures were chosen between a range of 
-100C to 500C, with 500C being the largest sample temperature to stay well below the 712C melting 
point of GaSb. All irradiations were performed at normal incidence. Table 5.1 shows the ion conditions 
used. 
Table 5.1: ion fluxes for the 500eV Ar+ and Kr+ experiments. 
Sample 











-100 1.50E+15 2.12E+14 1.62E+15 1.50E+14 
-50 1.67E+15 2.37E+14 1.59E+15 1.47E+14 
RT 1.56E+15 2.21E+14 1.53E+15 1.42E+14 
100 1.44E+15 2.04E+14 1.47E+15 1.36E+14 
200 1.44E+15 2.04E+14 1.50E+15 1.39E+14 
300 1.50E+15 2.12E+14 1.50E+15 1.39E+14 
400 1.47E+15 2.08E+14 1.52E+15 1.41E+14 
500 1.45E+15 2.06E+14 1.50E+15 1.39E+14 
 
Samples were analyzed post-irradiation with Atomic Force Microscopy (AFM) and Scanning Electron 





5.3 AFM results of the cryogenic and high temperature ion irradiations of GaSb 
 
After performing the ion irradiations of the GaSb samples at the different temperatures, AFM was 
performed in order to find and characterize any ion-induced nanopatterns that have formed. Figure 5.1 
shows the AFM results for the cryogenic study for both the 500eV Ar+ and Kr+ ion irradiations, Figure 
5.2 shows the AFM results for the high temperature study for the 500eV Ar+ irradiations, and Figure 5.3 
shows the AFM results for the high temperature study for the 500eV Kr+ irradiations.  
 
  
Figure 5.1: AFM images of the cryogenic 500eV Ar+ and Kr+ irradiations of GaSb at -100C and -50C.  
500eV Ar+ @ -
100C 
500eV Ar+ @ -
50C 
500eV Kr+ @ -
100C 






Figure 5.2: AFM of the Ar+ irradiations of GaSb for sample temperatures at RT, 100C, 200C, 300C, 400C, and 
500C temperatures. Note that all scans are 1um x 1um except for the 400C scan which is 5um x 5um due to the 
significantly larger nanofeatures formed.  
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Figure 5.3: AFM of the 500eV Kr+ irradiations of GaSb for sample temperatures at RT, 100C, 200C, 300C, 400C, 
and 500C.  
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Starting with the cryogenic temperature irradiations, it was found that no ion-induced nanopatterns were 
observed for any of the sample temperatures or ion conditions. In fact, the samples are quite smooth with 
the max height ranges being less than 2nm. This is also the case for the room temperature 500eV Ar+ 
GaSb sample and the room temperature, 100C, and 200C 500eV Kr+ GaSb samples. This is an 
unexpected result, especially for the room temperature samples that have many references showing ion-
induced nanopatterning well before the 2E18cm-2 fluence for both 500eV Ar+ and Kr+, and may be due to 
the higher ion beam flux from the Veeco ion source. The Veeco fluxes were on the order of 1E15cm-2s-1, 
which is significantly larger than previous works.  
For the 500eV Ar+ high temperature study, ion-induced nanopatterns are observed from 100C all the way 
up to 500C. In fact, the 100C sample has particularly good hexagonal ordering but this ordering 
diminishes at the higher temperatures. Looking at the 200C, 300C, and 500C AFM images, it can be seen 
that the overall order seems to decrease, the maximum height ranges of the AFM scans increases, and the 
nanofeature diameters also increase. The 400C GaSb sample seems quite strange in the very large 
structures formed. It should be noted that the AFM scan of this sample has artifacts present, this is due to 
the large heights of the nanofeatures present and the SEM data – shown in Figure 5.6 – shows the correct 
shape of the nanofeatures. For the 500eV Kr+ high temperature study, the ion-induced nanopatterns are 
observed starting at the 300C temperature up through the 500C temperature. Unlike the Ar+ irradiations, 
none of the ion-induced nanopatterns show the hexagonal ordering across the sample. However, the same 
increasing height and nanofeature diameter is observed with increasing temperature.  
Further analysis was performed on the AFM scans that show ion-induced nanopatterns using the 
Gwyddion AFM software package [5] and Gaussian statistical analysis utilizing Origin Pro [6]. 
Nanofeatures were identified and masked using the built-in Watershed method in the Gwyddion software 
package. Once the nanofeatures were masked, the distributions for the mean radius and height were 




each distribution. An example of the mean radius and height distributions, along with the Gaussian fits, is 
shown in Figure 5.4. 
 
Figure 5.4: Examples of the mean radius distribution (left) and feature height distribution (right) with their 
respective Gaussian functional fits for the 100eV Ar+ AFM image.  
 
Utilizing the mean radius and feature height distributions allows for a more consistent quantification of 
the nanofeature sizing of the ion-induced nanopatterns observed. This methodology allows for the use of 
the Gaussian fits to both provide the average value and the spread of the distribution – treated as the 
uncertainty for the data– in the form of the FWHM determined by the fit. This same process is repeated 
for all samples showing  nanopatterns after irradiation and the results are compiled in Figure 5.5.  
 
Figure 5.5: plots showing the average nanofeature height, mean radius, and nanofeature spacing for the 500eV Ar+ 
and Kr+ surfaces showing ion-induced nanopatterning. Note the 400C Ar+ sample was left out due to being 





The results shown in Figure 5.5 reveal a fairly consistent trend of both increasing mean radii and 
increasing average heights with increasing sample temperature. This trend is not consistent when 
compared to the reverse epitaxy work done by Facsko et al. on the GaAs system [2]. For the GaAs 
system, ion-induced nanopatterning was shown to be suppressed once the sample temperature reached 
500C, with the reverse epitaxy nanopatterning regime occurring between 200C and 480C. Additionally, 
the results also show that the range of the distribution – shown in the error bars of Figure 5.5 – increases 
drastically with temperature, especially the mean radius range. This broadening of both the average height 
and mean radius would relate to the overall order of the ion-induced nanopatterns for each sample. 
Effectively, the broader the distributions for the characteristic sizes of the nanofeatures, the less ordered 
the nanopattern formed is. The order of these nanopatterns will be discussed in more detail in the next 
section.  
5.4 SEM results of the ion-induced nanopatterns formed on GaSb 
 
In addition to the AFM analysis, SEM was also performed on the samples that showed ion-induced 
nanopatterns had formed on the GaSb surfaces. These samples include the 100C, 200C, 300C, 400C, and 
500C samples from the 500eV Ar+ irradiations and the 300C, 400C, and 500C 500eV Kr+ irradiations, 





Figure 5.6: SEM images for the 500eV Ar+ irradiations that showed ion-induced nanopatterning on GaSb. Note the 
different magnification levels due to the drastic difference in nanofeature size between samples. 
 
The SEM images performed on the 500eV Ar+ data set shows a wide range of structures and feature sizes 














heights these features have, only being about 5.4nm according to the AFM results. However, the SEM 
confirms the high order ordering of these patterns as observed by the AFM analysis, the nanofeatures are 
shown to be very uniform in size and the hexagonal ordering can be seen. The 200C GaSb sample surface 
also shows distinct nanofeatures that are in agreement with the AFM results. Here the nanopattern has a 
drastically increased ordering, but the feature sizes are much larger than the 100C case. The 300C GaSb 
sample surface unfortunately was damaged during the SEM imaging process, along with the 400C Kr 
sample, and shows debris sitting above the nanofeatures – attempts to clean the sample surface to remove 
this debris was unsuccessful. Looking past the debris, the SEM image shows good agreement with the 
AFM analysis performed, with the large distribution of feature sizes more obvious on the SEM. The 400C 
GaSb surface shows the most unexpected ion-induced nanofeature formation, also confirming the AFM 
results. The nanofeatures are quite large, being around 400nm according to the SEM’s scale. The 
nanofeatures are also quite widely spaced apart, and no longer resemble the expected hexagonal like 
ordering seen at lower temperatures. Finally, the 500C GaSb surface shows a unique ion-induced 
nanopatterning, especially when compared to the AFM image. The AFM image makes the 500C case 
look very similar to the 200C and 300C surfaces, but with larger nanofeatures with less order. However, 
when looking at the SEM, the 500C case shows that the nanofeatures are really no longer separated and 
the base profile is no longer circular, but rather nanofeatures share straight edges/boundaries with 
neighboring nanofeatures, similar to pyramid-type features. Likely the reason this was not observed with 






Figure 5.7: SEM images for the 500eV Kr+ irradiations that showed ion-induce nanopatterning on GaSb.  
 
The SEM images for the 500eV Kr+ samples show the larger nanofeatures observed with the AFM scans, 
but also reveal the smaller scans not observed with the AFM. The 300C GaSb surface shows these two 
different sizes of nanofeatures the most, with the smaller features dispersed throughout the larger 
nanofeatures. As with the 300C Ar+ sample, the 400C Kr+ sample was also damaged during the SEM 
process and the debris scattered on top of the nanofeatures is clearly visible. However, the nanofeatures 
are still observable with the smaller nanofeatures sparsely in between. The 500C Kr+ sample is quite 














The results of the cryogenic and high sample temperature study of ion-induced nanopatterning of GaSb 
did not produce any of the hypothesized results from previous literature, including the fluence needed to 
reach the onset for the formation of the nanopatterns at room temperature. An interesting trend that is 
observed is the apparent temperature cutoff for when ion-induced nanopatterns formed between the two 
ion conditions, with 500eV Ar+ showing nanopatterning of GaSb at and above 100C sample temperatures 
and 500eV Kr+ showing nanopatterning of GaSb at and above 300C sample temperatures for a fluence of 
2E18cm-2. This result may suggest that the threshold fluence for ion-induced nanopatterning is decreased 
for higher sample temperatures. Additionally, the order or general symmetry of the ion-induced 
nanopatterns formed seems to decrease with increasing temperature. To show this, 2D autocorrelations 
were performed on all AFM scans that had nanopatterns present, shown in Figure 5.8 for the 500eV Ar+ 
cases and Figure 5.9 for the 500eV Kr+ cases. 
As stated in the results, the 500eV Ar+ irradiation of GaSb at 100C achieved a quite good hexagonal 
ordering for ion-induced nanopatterning. This symmetry can be seen with the nearly two full concentric 
rings observed centered about the middle of the 2D autocorrelation image. Moving to the higher 
temperatures, the 200C case shows six faint points about the center of the autocorrelation image, the 300C 
and 400C show only 2 faint points, and the 500C does not show any. For the 500eV Kr+ case, the 2D 






Figure 5.8: the 2-D autocorrelations for 500eV Ar+ 100C, 200C, 300C, 400C, and 500C AFM scans.  
 
 
Figure 5.9: the 2-D autocorrelations for 500eV Kr+ 300C, 400C, and 500C AFM scans.  
 
The use of a grid-based broad beam ion source also presents some issues of its own beyond the flux. 
Dual-grid sources are prone to cause sputtering of the grid surfaces during operation. For the case of the 
Veeco broad beam ion source used for this experiment, the grids were made of Mo. In order to check 
whether the GaSb surfaces have Mo contamination, ex-situ XPS was performed on the initial room 
temperature GaSb samples for both the 500eV Ar+ and Kr+ samples, shown in Figure 5.10. 
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Figure 5.10: XPS showing Mo contamination present for the 500eV Ar+ irradiations (left) and the 500eV Kr+ 
irradiations (right).  
 
The XPS results show that Mo contamination is present for both the 500eV Ar+ operation and the 500eV 
Kr+ operation of the Veeco ion source. Unfortunately, this adds an unknown element to the results 
observed in the temperature study in that Mo contamination on GaSb during ion-induced nanopatterning 
is not a studied topic, unlike the Si case. This means that future studies on the ion-induced nanopatterning 
of GaSb would preferably be done with a source that does not contaminate the GaSb surface, a choice this 
study did not have an option with.  
5.6 Conclusions 
 
In conclusion, the sample temperature study demonstrated a few interesting aspects of ion-induced 
nanopatterning of GaSb. First, the lack of ion-induced nanopatterning for sample temperatures below 
100C for the 500eV Ar+ experiments and below 300C for the 500eV Kr+ experiments suggests that lower 
sample temperatures require larger fluences to reach the threshold limit for ion-induced nanopatterning to 
occur. Additionally, the higher flux ion source used also showed no ion-induced nanopatterning at the 




nanopatterns. This result also suggests that there is a flux dependence, at least on the required onset 
fluence, on the ion-induced nanopatterning process.  
For the high temperature conditions that lead to ion-induced nanopatterns, there is a clear trend in the 
characteristic sizes and the overall nanopattern order with increasing temperature. With increasing 
temperatures, the ion-induced nanopatterns lose ordering as shown by the 2D-autocorrelation analysis 
performed. In addition, the individual nanofeatures have larger average heights and mean radii with a 
significantly larger distribution of these sizes as compared to the lower temperature results.  
Proposed future work stemming from this chapter includes performing a more focused and in-depth look 
at the temperature effects of ion-induced nanopatterning of GaSb. The first work should focus on 
investigating the effects of Mo contamination during ion irradiation of the GaSb surface, preferably with a 
way of limiting or eliminating the amount of Mo co-deposited. Beyond the issue of Mo contamination, 
there are two significant questions formed from the research done in this chapter. First, does the onset 
fluence for ion-induced nanopatterning decrease with higher sample temperatures? Showing a correlation 
between the onset fluence required and the GaSb sample temperature during ion irradiation would relate 
directly back to the proposed driving mechanisms leading to ion-induced nanopatterning. The other main 
question formed from this work relates to the order of the ion-induced nanopatterns formed on GaSb. It 
was shown that the overall order increases with lower sample temperatures (as seen from the 2D 
autocorrelation analysis and the smaller distribution of sizes for nanofeatures formed at the lower 
temperatures), especially with the 500eV Ar+ irradiation at 100C showing strong hexagonal ordering of 
the surface. Future work would also investigate whether the order of the ion-induced nanopatterns formed 
on GaSb does increase with lower temperatures and if there is an optimal temperature for a given ion 
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Chapter 6: Utilizing the in-operando XPS and LEISS techniques to investigate 




This chapter investigates the ion-irradiation of the thin film Au on Si system utilizing in-operando XPS 
and LEISS techniques under 1keV Kr+ irradiation. Specifically, the in-operando XPS and LEISS results 
show that the Au surface composition against fluence follows the trends expected from both ion sputter 
erosion of the Au thin film and of ion-induced intermixing of the Au-Si interface. The in-operando XPS 
results show that while the Au4f and Si2p XPS peaks do shift in binding energy during ion irradiation, 
these shifts are not indicative of gold silicide formation. The AFM results do not show any ion-induced 
nanofeature formation for the 1keV Kr+ experiments. Further investigation of 500eV Ar+ irradiations of 
the Au-Si system confirms the lack of gold silicide formation with no ion-induced nanopatterning present. 
However, broad beam irradiations of 200eV Ar+, 500eV Ar+, and 1keV Kr+ ion conditions show that ion-
induced nanofeatures form only when Mo contamination is present from the broad beam source. 
6.1 Introduction 
 
Ion-induced nanopatterning of Si has been a widely studied research topic in the ion beam surface 
modification community – even more so than the GaSb system. Initial experiments had conflicting results 
as to whether Si forms nanopatterns with normal incidence ion irradiation, but were eventually shown to 
be a product of metal contamination, from the grids of the ion sources used, being deposited on the Si 
surface during the irradiation process [1]. In fact, the Si surface actually goes through a smoothening 
process with normal incidence ion irradiation unless there is a source of contaminants interacting with the 




co-deposition of metal during the irradiation process [2] and with introducing a thin film of metal grown 
on top of a Si surface and performing ion irradiation until the metal film is nearly removed [3,4]. 
This chapter focuses on the latter of the two approaches. El-Atwani et al. first used a 10nm Au thin film 
grown on a Si (100) wafer and performed 200eV Ar+ irradiation with a dual-grid broad beam ion source 
with in-situ LEISS and XPS characterization [3]. The results show that once the Au film is nearly 
removed, nanofeatures form on the Si surface. The conjecture formed in the work suggests that while Au 
and Si are immiscible, under ion irradiation they are able to form a meta-stable Au silicide that locally 
changes the sputtering yield on the Si surface – with metal silicide known to have lower sputtering yields 
than just the pure metal. In addition to the Au-Si system, El-Atwani also performed the irradiations on 
10nm Ni, Fe, and Cu thin films grown on Si (100), in which Ni, Fe, and Cu all form stable silicides and 
patterns were observed for all cases using an in-operando GISAXS setup [4].  
The work presented in this chapter focuses on the Au-Si system, with an emphasis on the in-operando 
XPS and LEISS techniques in order to investigate the Au surface composition during ion irradiation with 
high fluence resolution, specifically looking at the formation of the metastable gold silicide. In addition, 
the in-operando techniques will also be used as a process control during ion irradiation in order to stop the 
ion irradiation at specific Au compositions on the surface, allowing for the investigation of the formed 
nanofeatures at specific Au compositions.  
6.2 Experimental details 
 
Similar to chapter 4, the Au-Si experiments focus on using the in-operando XPS and LEISS techniques. 
The in-operando techniques allow for the investigation of the Au composition evolution during the ion 
sputtering process and also serve as a means to control the amount of Au present on the Au-Si surface. As 
such, the first part of this chapter focuses on investigating the full removal of the Au thin film during 




limitations of the ion beams available for the in-operando setup, with the flux for 200eV Ar+ being far too 
low to reasonably perform these irradiations.  
The Au thin-film was grown on a Si (100) wafer using sputter deposition. Before the Au deposition, the 
Si wafer was cleaned with Piranha solution, followed by water and alcohol baths in order to ensure a 
strong adhesion between the Au thin film and Si surface. The film was grown to an approximate thickness 
of 12nm using an SPI sputter coater in the MNTL clean room. Sample irradiations were performed in the 
IGNIS facility with both in-operando LEISS and XPS techniques. Figure 6.1 shows the geometries of 
both the in-operando XPS and LEISS setups used.  
 
Figure 6.1: Geometry of the in-operando LEISS (left) and in-operando XPS (right) experiments.  
 
As shown, the dual beam in-operando LEISS geometry is such that the 1keV He+ LEISS beam is at a 
backscattering angle of 112.5o for the analysis, with the primary 1keV ion irradiation beam normal to the 
Au-Si sample surface. For the in-operando XPS, the topmost ion beam is used for the sample irradiations 

































XPS analysis more surface-sensitive but reduces the total count rate during XPS acquisition. XPS and 
LEISS analysis was performed with the CasaXPS program [5]. 
6.3 In-operando XPS and LEISS of the Au-Si system under 1keV Kr+ irradiation 
 
The purpose of this chapter is to show that the in-operando XPS and LEISS techniques can be used as a 
process control – in this case controlling the amount of Au removed from the Au-Si samples during ion 
irradiation – and to investigate the ion-induced nanopatterning of the thin-film Au on Si system at 
different Au compositions. The experimental approach taken is to first investigate the Au-Si system under 
the 1keV Kr+ irradiation using both in-operando XPS and LEISS techniques until the full removal of Au 
is observed. These full removal experiments serve as a benchmark for the process control experiments, 
giving an idea of how long each stage will take. After the full removal experiments, the in-operando XPS 
and LEISS techniques are used as a process control in order to stop the ion irradiation at Au compositions 
of 50%, 20%, 10%, and 5%. 
6.3.1 Full removal of Au using in-operando XPS and LEISS 
 
The first set of experiments completed were the full removal of Au from the Au-Si system under 1keV 
Kr+ irradiation utilizing both the in-operando XPS and LEISS techniques. The full removal experiments 
are performed to give an idea of the overall evolution of the Au composition as a function of fluence and 
to provide benchmarks for where the Au composition should be at the 50%, 20%, 10%, and 5% levels. 






Figure 6.2: in-operando XPS contour plot of the Si2p and Au4f regions during 1keV Kr+ irradiation.  
 
The in-operando XPS shows the Si2p and Au4f regions, with the expected trend of the Au4f peaks 
starting as the largest peaks (100% composition according to the initial fluence scans) and decreasing 
with fluence until the Au4f peaks are gone. An unexpected peak shown was the Kr3d peak at a position of 
88.2eV, showing that there is implantation of Kr due to the ion irradiation. The Si2p peak appears at a 
fluence of 2.6E16cm-2 and continually increases throughout the experiment. Another interesting trend is 
the observed shifts in both the Si2p and Au4f peaks. Initially, before the Si2p peak appears, the Au4f 
peaks shift by 1.0eV to a higher binding energy, approximately from a fluence range of 1.1E16cm-2 to 
5.0E16cm-2. After the appearance of the Si2p peak, the Au4f peaks and the Si2p peaks shift by -0.7eV to 
a lower binding energy from a fluence range of 5.0E16cm-2 to 1.2E17cm-2. After the 1.2E17cm-2, no more 
shifts are observed for any of the peaks. Figure 6.3 shows the quantified results from the in-operando 
XPS experiment, including the Au composition plotted against fluence and the shifts in the Au4f7/2 and 






Figure 6.3: Au composition versus fluence (left) and the peak positions of the Au4f7/2 and Si2p peaks versus 
fluence (right). Note that the range for both the Au4f and Si2p peak positions is 1.2eV.  
 
In agreement with El-Atwani et al., the decrease in Au composition versus fluence seems to follow an 
exponential decay-like behavior against fluence [3]. However, the shifts observed in the Au4f peaks and 
the Si2p peaks are different. El-Atwani et al. shows that a shift in the Au4f peaks does occur after a 
fluence of 3E16cm-2, shifting the Au4f peaks by +1.0eV [3]. This is also observed in the in-operando XPS 
data for the Au4f peaks as well, however, the shift that occurs later for both the Au4f peaks and the Si2p 
peak is not observed in El-Atwani et al. [3]. What is interesting about these shifts in binding energy is that 
they do not seem to correlate with a change in Au-Si chemistry, i.e., the expected peak shifts for forming 
a gold silicide. The initial +1.0eV peak shift seen in the Au4f peak occurs before the Si2p peak is 
observed, meaning that Si is simply not present at the surface to form a chemical bond with the Au. The 
0.7eV shift observed for both the Si2p and Au4f peaks is also not consistent with the formation of gold 
silicide formation. During the formation of gold silicide, the expected peak shifts would have the Au4f 
peaks shift to a higher binding energy and the Si2p peak shifting to a lower binding energy. The fact that 






Figure 6.4: in-operando LEISS contour plot of the Si and Au peaks during 1keV Kr+ removal of the Au-Si system. 
 
Figure 6.4 shows the contour plot for the in-operando LEISS data during the 1keV Kr+ irradiation of the 
Au-Si system. The contour plot reveals four unique peaks present on the Au-Si surface during the 
irradiation, including O at 483.7eV, Si at 654.4eV, Kr at 873.4eV, and Au at 949.1eV. Except for the O, 
all of these peaks also appear in the in-operando XPS data, and confirms that Kr is being implanted 
during the ion irradiation. The O that is present is likely a result of initial surface contamination (e.g. 
water) and from potential contamination on the etched Si surface before Au deposition. This O in the 
LEISS data was also observed in El-Atwani et al [3]. Apart from the O and Kr peaks, the Si and Au peaks 
evolve as expected with increasing fluence. Starting as the largest peak initially, the Au peak decreases 
until it is almost gone. The Si peak appears after a fluence of 4.11E16cm-2 and continues to increase 
throughout the irradiation.  
 
Unlike the XPS quantification, LEISS quantification is a bit more complicated due to the neutralization 




calibration for each element in the quantification for the specific ion species and energy used. However, 
instead of using pure Au and pure Si standard samples, an ad hoc calibration specific to this system can be 
used instead. The largest Au LEISS peak area occurs at a fluence of 3.19E16cm-2 at which point the Si 
peak is yet to be observed; likewise at the largest fluence taken the Si LEISS peak area is at its largest 
with the Au LEISS peak area at nearly 0. Thus for this experimental set, the relative sensitivity factors for 
quantifying Au composition against Si composition is derived from these LEISS peak areas. Using the 
methodology performed in Chapter 5, this results in a relative sensitivity factor of 9.4±0.8. Thus, with the 
LEISS relative sensitivity factor estimated between Au and Si, the quantification of the Au composition 
against fluence can be performed, shown in Figure 6.5.  
 
Figure 6.5: Au composition versus fluence for the in-op LEISS experiment. 
 
The Au composition according to the in-operando LEISS has the same decaying exponential shape as the 
in-operando XPS data set, but shows a composition of Au well past the fluence observed for Au removal 
in the in-operando XPS data set. Both of these trends are in agreement with El-Atwani [3]. Specifically, 
the complete removal of Au from the Au-Si surface was not achieved according to the LEISS results, with 






Figure 6.6: Comparison of the Au composition versus fluence for the in-operando XPS and LEISS methods. 
 
The first issue to address when comparing XPS and LEISS needs to be the information depth in which 
these techniques probe. LEISS is sensitive to the first monolayer of the surface, while XPS probes to a 
deeper depth, down to an information depth of 5.2nm for the Au4f7/2 photoelectron for a 50-50 Au-Si 
surface according to SESSA [5]. This immediately means that while the amount of Au on the surface is 
the same between both techniques, the XPS data sets will show a smaller or decreased composition 
simply due to the larger information depth probed, and thus more Si atoms contributing to the Si2p peak 
area that the Au4f7/2 peak area is compared to (as illustrated in Figure 6.6 (right)). Additionally, the in-
operando XPS shows that the Au composition is effectively 0 (in that the Au4f peak is no longer 
observable) after a fluence of 2.60E17cm-2 while the in-operando LEISS shows that even after 
3.28E17cm-2 there is still a small amount of Au, at 1.5%. This difference has to do with the limit of 
detection of XPS and the XPS setup with IGNIS. The XPS spectra has a smaller signal to noise ratio than 
the LEISS spectra, and results in the Au4f peaks being unresolvable at a higher lower limit of Au surface 
composition than LEISS.  
Regardless of the direct differences between using in-operando XPS and LEISS in observing the amount 






potential as process control techniques, specifically in determining and stopping the ion irradiation of the 
Au-Si system at specific Au compositions. 
6.3.2 using in-operando LEISS and XPS as a process control for the partial removal of Au 
in the Au-Si system 
 
This section covers the use of the in-operando XPS and in-operando LEISS techniques as a process 
control for stopping the 1keV Kr+ irradiation at specific Au compositions of 50%, 20%, 10%, and 5%. 
Specifically, the purpose of this experiment is to investigate if there is a specific composition of Au for 
which ion-induced nanofeatures form and whether the final amount of Au on the surface can be controlled 
during ion irradiation. This idea of a process control for these techniques is something that has not been 
extensively used, especially in the in-operando setup. 
   
Figure 6.7: the different intensity thresholds visualized on the full removal in-operando LEISS (left) and in-
operando XPS (right) data with the 50%, 20%, 10%, and 5% threshold values marked for each.  
 
Instead of relying on performing a full area quantification of both the Au4f7/2 and Si2p peaks, the 
composition is approximated based on the amplitude of the Au4f7/2 peak from its maximum value (when 
the surface is 100% Au) to when the amplitude drops to 50%, 20%, 10%, and 5%, which should 
approximately correlate to Au compositions of 50%, 20%, 10%, and 5%, respectively. This is illustrated 
for both the in-operando XPS and LEISS techniques in Figure 6.7. This technique is used since both the 




change during the full removal experiments. Figure 6.8 shows the expected fluences needed to get to 
each composition according to both the in-operando XPS and in-operando LEISS the full removal 
experiments.  
 
Figure 6.8: Target fluences according to the full removal study using the in-operando LEISS (left) and XPS (right) 
techniques to reach Au compositions of 50%, 20%, 10%, and 5%.  
 
These target fluences are simply used as a reference for the partial removal experiments to follow. The 
partial removal experiments will rely on the technique displayed in Figure 6.7. Again, it is of importance 
to note that when comparing the in-operando XPS and in-operando LEISS techniques that the information 
for each does play a significant role in the interpretation of the Au composition measured. That is to say, 
the LEISS technique will always show more Au present on the surface than the XPS technique simply 
due to the probing depths between the two techniques. Additionally, it is important to note that only the 
5% Au partial removal experiment was performed using the in-operando XPS technique. This is due to 
sputtering from the samples onto the X-ray source’s Al window. In order to perform in-operando XPS, 
the X-ray source has to be inserted and sits within a few centimeters of the sample’s surface. Since XPS is 
taken during ion irradiation, the window gradually becomes coated with non-Al material, and leads to a 





Figure 6.9: in-operando LEISS scans of the Au peak for the 50% (top left), 20% (top right), 10% (bottom left), and 
5% (bottom right) Au partial removal experiments. Note that the black dashed lines correspond to the largest 
amplitude measured during the in-operando LEISS experiments and that the red dashed lines correspond to the 
target amplitudes used for the process control.  
 
Figure 6.9 shows the in-operando LEISS peak scans during the 1keV Kr+ irradiation of the Au-Si surface 
for the different partial Au removal experiments. It can be seen that being able to stop the ion irradiation 
based on the amplitude of the measured Au peak is fairly straight forward, with the final peaks for the 
20%, 10%, and 5% experiments stopped right at the target amplitude. The 50% Au experiment, the first 
partial experiment performed, was stopped a bit too soon, with the last peak sitting above the threshold 
limit. Figure 6.10 shows the final scans, including the Si and Kr peaks for each of the partial removal 
experiments. The starting scattered ion kinetic energy for these scans was set to 550eV in order to 





Figure 6.10: LEISS peak fits for the last scan taken of the 50% Au (top left), 20% Au (top right), 10% Au (bottom 
left), and 5% Au (bottom right) in-operando LEISS partial removal experiments.   
 
The final scans for each of the partial removal experiments are used to quantify the relative Au and Si 
concentration. The final Au compositions for each are 70.2%, 17.8%, 9.2%, and 4.3% for the 50%, 20%, 
10%, and 5% partial removal experiments, respectively. As was mentioned previously, the 50% partial 
removal experiment was stopped too soon, and the result is a significantly higher Au composition than the 
target, 70.2% versus 50%. For the other partial removal experiments, the final Au composition is 






Figure 6.11: In-operando XPS scans of the Au4f region for the 5% Au partial removal experiment (left) and the 
final peak fits for the last XPS scan (right). 
 
As with the LEISS experiments, the in-operando XPS partial removal experiment was able to stop right at 
the target amplitude for 5% Au composition. However, when looking at the final peak fits and 
quantification, the final Au composition is found to be 3.5%. This is likely due to the Kr3d peak 
overlapping with the Au4f5/2 peak. The combined results for the final Au compositions for both the LEISS 
and XPS experiments are found in Table 6.1.  
 
Table 6.1: Expected fluences versus actual fluences for the in-operando XPS and LEISS process 
control experiments. 
Experiment	 Expected	Fluence	(cm-2)	 Actual	Fluence	(cm-2)	 Final	%	Au	
LEISS	Au	50%	 4.56E+16	 3.51E+16	 70.2	
LEISS	Au	20%	 6.39E+16	 6.79E+16	 17.8	
LEISS	Au	10%	 9.58E+16	 8.38E+16	 9.2	
LEISS	Au	5%	 1.60E+16	 1.47E+16	 4.3	
XPS	Au	5%	 7.87E+16	 8.09E+16	 3.5	
 
The final Au compositions, with the exception of the LEISS Au 50% sample, were all under the target Au 
composition but were within 2.2% Au composition. This shows that using the in-operando techniques in 




better metric than using just the Au peak amplitude. Ideally, future process control experiments would use 
the areas for all relevant peaks in order to determine the appropriate stopping threshold.  
6.3.3 Atomic force microscopy of the in-operando XPS and LEISS samples 
 
Apart from the in-operando XPS and LEISS techniques for the Au-Si system under ion irradiation, this 
experiment is focused on investigating the ion-induced nanofeatures formed during and up to the removal 
of Au. As such, AFM was used to analyze the surface topography of the Au-Si surface for each of the ion 
irradiations.  
 
Figure 6.12: AFM images of the full removal LEISS experiment (left) and the full removal XPS experiment (right).  
 
When looking at the previous results from El-Atwani et al., it is expected that nanofeatures should be 
present once the Au is mostly removed from the Au-Si sample. Figure 6.12 shows the AFM results for 
the full removal experiments for both the in-operando XPS and in-operando LEISS experiments. Here, 
both of the samples do not show any ion-induced nanofeatures, and actually show very smooth surfaces 
across the 10um x 10um AFM scans. The maximum height ranges for these scans are 1.2nm and 1.3nm 
for the in-operando XPS and in-operando LEISS, respectively, with no discernable nanofeatures. In 







Figure 6.13: AFM results for the in-operando LEISS partial removal experiments with different Au compositions of 
50% (top left), 20% (top right), 10% (bottom left), and 5% (bottom right).  
 
The AFM of the in-operando LEISS partial Au removal samples also show no ion-induced nanofeature 
formation on any of the samples. The AFM results for each of the Au compositions are very similar, with 
max height ranges between 4-5nm. While this is larger than the full removal experiments, there are still 





Figure 6.14: AFM result for the in-operando XPS partial removal experiment to a Au composition of 5%. 
 
The in-operando XPS 5% Au partial removal experiment also shows similar AFM results, as seen in 
Figure 6.14. Here the maximum height range is about 3nm and no distinct nanofeatures are observed. 
These results are not the expected results from what has been observed previously in El-Atwani et al. [3]. 
The ion conditions used for this experiment compared to El-Atwani et al. are different in both ion species 
and energy, 1keV Kr+ versus 200eV Ar+ [3]. This different choice in ion parameters was made due to the 
flux limitations of the available ion source on the IGNIS system, with 1keV Kr+ achieving the most 
reasonable fluxes for reaching a fluence of 3E17cm-2, with the irradiation time still taking over 4 hours 
with the ion source. Additionally, the previous experiments performed by El-Atwani relied on a broad 
beam ion source known for producing Mo contamination on samples. These issues will be addressed in 
the discussion section, with experiments looking at replicating the closest ion parameters to El-Atwani et 
al. (500eV Ar+) with the in-operando XPS setup and in using a broad beam source with known Mo 
contamination (200eV Ar+, 500eV Ar+, and 1keV Kr+).  
6.4 Discussion of results 
 
The in-operando XPS and LEISS techniques allow for the measurement and quantification of the surface 




more detailed measurement of the Au and Si compositions versus fluence and give the ability to see how 
these compositions evolve throughout the experiment. This is in contrast to in-situ techniques that make it 
only practical to measure just a few data points at different fluences due to the time constraints needed to 
iterate between irradiation and characterization. This allows for us to look at the functional fits of the Au 
composition as a function of ion fluence, shown in Figure 6.15.  
 
 
Figure 6.15: 2-term decaying exponential fits to the Au composition versus fluence for both the in-operando LEISS 
(left) and XPS (right) full removal data sets.  
 
The functional fits for both the in-operando XPS and LEISS results show that the Au composition fits 
very well to a 2-term decaying exponential function against ion fluence. This gives us some insight into 
the mechanisms involved during the removal of the Au film. Specifically, the first term likely relates to 
the erosion – due to ion beam sputtering – of the Au film from the Si substrate. The second and much 
slower decay term would correspond to the ion beam mixing of the Au film with the Si substrate, slowing 
down the expected removal of the Au film from just an erosion or sputtering process only. It is during this 
ion beam mixing of the Au-Si interface in which the proposed Au silicide formation would occur.  
However, even though the function fits of the Au composition against fluence suggest that the conditions 
are prime for Au silicide formation, the lack of observed nanopatterns or nanofeatures from the AFM 




mechanism from the work done by El-Atwani et al. Additionally, the in-operando XPS results also do not 
suggest any change in chemistry during the ion irradiation of either the Si2p or Au4f peaks. Both peaks 
shift with binding energy in the same direction and the same magnitude, suggesting instead a change in 
the surface charge or even the bulk charge state.  
However, the ion-induced nanopatterns observed by El-Atwani were observed with 200eV Ar+ ions using 
a broad beam source known to produce Mo grid contamination on sample surfaces. As such, the next two 
sections in this discussion will focus on using the in-operando XPS setup as close to the 200eV Ar+ ion 
conditions as possible with the IGNIS setup, and also focus on using a broad beam source with known 
Mo contamination with certain ion conditions.  





In order to check and see if the lack of ion-induced nanopatterning from the 1keV Kr+ experiments was 
from the ion parameters, a 500eV Ar+ experiment was performed on the Au-Si system. Unfortunately, 
using the NTI ion source with 200eV Ar+ resulted in a flux of 1.3E12cm-2s-1. At this low of a flux, the 
irradiation would take over 70 hours of continuous irradiation in order to reach fluences over 3E17cm-2. 
As such, 500eV ion energy was chosen in order to decrease the amount of time needed for the irradiation. 
Even then, the flux was measured at 2.5E12cm-2s-1, resulting in a 39 hour irradiation experiment. 
Additionally, the NTI 1 source was down for maintenance, so the NTI 2 source was used for the 








Figure 6.16: Geometry of the 500eV Ar+ ion irradiation with 
in-operando XPS.  
 
The main difference in the XPS geometry was simply the take-off angle between the sample surface and 
the analyzer at 67.5o. This geometry does make the XPS analysis even more surface sensitive, but the 
overall in-operando XPS process does not change. Figure 6.17 shows the in-operando XPS results.  
 
















The in-operando XPS results show that the Si2p peak does not appear until a fluence of 1.9E17cm-2, 
which is much larger than the 1keV Kr+ experiments. This is a result of both the increased surface 
sensitivity of the XPS technique and the fact that the sputtering yield for 500eV Ar+ is smaller than that of 
1keV Kr+. Despite these differences, the XPS results show similar trends with the 1keV Kr+, including the 
quantified Au composition versus fluence and the Si2p/Au4f peak positions versus fluence, shown in 
Figure 6.18. 
 
Figure 6.18: Corrected Au composition versus fluence (left) and the Au4f7/2 and Si2p XPS peak positions versus 
fluence (right) for the 500eV Ar+ experiment. Note that only every 3rd data point is plotted for each graph.  
 
The Au composition versus fluence and the Si2p/Au4f binding energies versus fluence show the same 
trends observed with the 1keV in-operando XPS experiments with a final Au composition of 1.2% ending 
after a fluence of 4.4E17cm-2. This suggests that the 500eV Ar+ and 1keV Kr+ irradiations have very 
similar effects on the Au-Si surface, with both ion conditions showing the same trends. The AFM scan for 






Figure 6.19: AFM of the 500eV Ar+ in-operando XPS experiment. 
 
As observed with the previous in-operando XPS and in-operando LEISS results under the 1keV Kr+ 
irradiation, no ion-induced nanofeatures were observed with the 500eV Ar+ experiment. In fact, the 
500eV Ar+ sample shows a similar roughness to the 1keV Kr+ samples, with a maximum height range of 
around 4nm. While this is not quite the 200eV Ar+ ion conditions used in El-Atwani, the irradiation 
conditions should have been close enough to produce the ion-induced nanofeature formation results.   
6.4.2 Broad beam irradiations of the Au-Si system with Mo contamination present 
 
The final experiment for the ion-induced nanofeature formation of the Au-Si system is that of using a 
broad beam ion source that has known Mo contamination from the grids. The Dual Ion beam eXperiment 
(DIX) facility utilizes an Ion Tech, Inc. 3-1500-100 Kaufman type ion beam source to irradiate 
materials.  The source creates a 3 cm diameter beam as it exits the aperture, accelerated by two Mo grids, 
with the plasma being generated utilizing a W filament.  It is capable of generating ion beams with 
energies 50-1200 eV over a flux range of 1E15-1E16 ions/cm2 utilizing any inert and most reactive gas 
species.  The source is powered by the MPS-3000 FC power supply, allowing independent control over 




used to irradiate the Au-Si system in order to investigate the incorporation of Mo impurities caused by the 
concurrent sputtering of the Mo grids during ion irradiation. Table 6.2 shows the ion conditions used for 
these experiments. Ex-situ AFM and XPS analysis is performed.  
 
Table 6.2: ion irradiation parameters for the three broad beam irradiations in DIX.  
Ion  
Energy 
(eV) Flux (cm-2s-1) 
Flux error 
(cm-2s-1) Fluence (cm-2) 
Fluence 
error (cm-2) 
Ar 200 1.50E+15 7.51E+13 4.00E+17 2.00E+16 
Ar 500 4.83E+15 3.25E+14 4.50E+17 3.03E+16 
Kr 1000 8.41E+15 6.01E+14 3.50E+17 2.50E+16 
 
 






The AFM results, shown in Figure 6.20, show that both the 200eV Ar+ and 500eV Ar+ ion irradiations 
have small nanofeatures present. For the 200eV Ar+ experiment, the nanofeatures have a diameter of 
48.2nm ± 6.6nm and a height of 16.9nm ± 5.8nm. Likewise, for the 500eV Ar+ experiment, the observed 
nanofeatures have a diameter of 56.7nm ± 10.6nm and a height of 12.6nm ± 4.5nm. The nanofeatures 
observed in the Ar+ 500eV experiment are much sparser than those observed in the 200eV Ar+ 
experiment. The AFM image of the 1keV Kr+ experiment does not show any nanofeatures present, but 
does show a much rougher surface than the previous results, with a height range of over 4nm.  
The broad beam experiments were performed to test whether nanofeatures formed on the Au-Si system 
when Mo contamination was present. Figure 6.21 shows the XPS of the Mo3d region for each sample.  
 
Figure 6.21: XPS of the Mo3d region for the 200eV Ar+ (top left), 500eV Ar+ (top right), and the 1keV Kr+ 





The XPS results show that the 200eV Ar+ and 500eV Ar+ irradiations had Mo contamination during the 
experiments, while no Mo was observed for the 1keV Kr+ experiment. Additionally, the number of 
nanofeatures observed via the AFM scans seems to correlate to the amount of Mo present on the surface. 
The 200eV Ar+ irradiation has more nanofeatures present and also has the largest amount of Mo present, 
while the 1keV Kr+ irradiation has no nanofeatures present and no Mo present according to XPS. 
However, with only three samples performed, a more detailed experiment should be carried out to 
confirm the effects of Mo on the Au-Si system during ion irradiation.  
6.5 Conclusions and future work 
 
The use of the in-operando XPS and in-operando LEISS techniques showed the ability to monitor the Au 
composition during ion irradiation and serve as a process control in stopping the ion irradiation to achieve 
specific compositions of Au and Si with reasonable accuracy. Specifically, the in-operando XPS was able 
to quantify the Au4f and Si2p peak positions during ion irradiation with a much better fluence resolution 
than that achievable with just an in-situ setup. The in-operando XPS shows that while there are binding 
energy shifts present, these shifts do not suggest a change in chemistry – specifically the lack of gold 
silicide formation – but rather a change in the surface/bulk charging due to the erosion of the Au thin film. 
This was observed for both the 1keV Kr+ and 500eV Ar+ irradiations. However, the mathematical fits of 
the Au composition as a function of fluence show that a two term decaying exponential function fits very 
well and fits the expected behavior for the sputter erosion of the Au film and the ion-induced intermixing 
of the Au-Si interface.  
The AFM results did not show any ion-induced nanofeature formation for any of the non-broad beam 
irradiations performed, but nanofeatures were observed for the broad beam irradiations that had Mo 
contamination present on the Si surface. These results suggest that the lack of silicide formation observed 
from the in-operando XPS experiments is the reason for the lack of nanofeatures observed from the AFM 




seems to remain this way. Likely, the previously observed nanofeatures on the Au-Si system is likely a 
result of Mo contamination from the broad beam source used.  
The work presented in this chapter leads way to a lot of open questions and potential experiments with the 
in-operando XPS and LEISS setups used and for investigating different metal-Si systems that could lead 
to ion-induced nanopatterning. The experimental results presented in this chapter show that without Mo 
contamination, the Au-Si system does not form any ion-induced nanofeatures. However, this is just for 
the Au-Si system which is known to be immiscible. Other metal-silicide systems, specifically those that 
form stable silicides, should be investigated with the in-operando XPS and LEISS techniques. The in-
operando XPS technique has shown the ability to observe changes in peak shifts and chemistry for other 
systems; showing that miscible metal-silicon systems form silicides during ion irradiation and lead to ion-
induced nanofeature formation would still confirm the conjectured driving mechanisms involved. In 
addition, the use of the in-operando XPS and LEISS techniques as a process control for the Au-Si system 
has potential for other material systems and processes. The in-operando techniques can easily be used to 
investigate the chemistry changes and surface composition evolution for biomaterial, fusion, or other 
surfaces under ion irradiation or deposition processes with the ability to stop at specific chemistries or 
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This dissertation has investigated the early stages of both topographical and compositional evolution of 
ion-induced nanopatterning on GaSb utilizing in-operando GISAXS, XPS, and LEISS techniques, the 
effects of both cryogenic and high temperatures on ion-induced nanopatterning of GaSb, and utilized the 
developed in-operando XPS and LEISS techniques to investigate the previously reported ion-induced 
nanopatterning of the Au-Si system. The development of the in-operando compositional techniques has 
given new abilities to investigate the compositional evolution of material surface with high temporal 
resolution and has the ability to be used as a process control in a wide variety of material systems.  
The in-operando GISAXS experiments detailed the initial ion-induced nanopattern formation of GaSb, 
showing that for all ion conditions, a threshold fluence must be reached before ion-induced 
nanopatterning begins. Specifically, the results show that this threshold fluence decreases with larger ion 
momentum, showing that for higher ion energy depositions at the surface, ion-induced nanopatterning 
occurs faster. This result is in good agreement with Facsko et al and Atwani et al [1, 2]. In addition, the 
characteristic wavelengths of the formed ion-induced nanopatterns increase with ion momentum and ion 
energy, giving good agreement with the power law dependence shown by Facsko et al. However, unlike 
the previous works which investigate the effect of Ar+ ion energy, the work also shows Ne+ and Kr+ 
results are also consistent with expected ion-induced nanopatterning trends with energy and that ion 
momentum may be a better metric over ion energy. Additionally, the work shows that while the initial 
pre-nanopatterning surface evolution between oxide-free and with native oxide GaSb surfaces is 
drastically different – due to the removal of the native oxide causing overall coarsening – the resulting 
ion-induced nanopatterns form with the same characteristic wavelength. This shows that the initial surface 




effect on the resulting nanopatterns, which is in good agreement with Atwani [3]. In fact, the work shows 
that the ion momentum ultimately determines the characteristic size of the nanopatterns.   
Perhaps the most significant aspect of the in-operando GISAXS work is the characterization of the GaSb 
surface evolution before ion-induced nanopatterning begins. The results show, for all oxide-free GaSb 
experiments, that the topography evolution is minimal just before ion-induced nanopattern formation. The 
lack of overall coarsening of the GaSb surface just before ion-induced nanopatterning suggests that a 
topographical instability is not the primary mechanism leading to nanopattern formation, as proposed by 
various theoretical works [4, 5, 6]. The work shows that likely compositional-driven instabilities are the 
primary driving mechanisms leading to the initial development of ion-induced nanopatterning and 
motivated the in-operando XPS and LEISS compositional studies. 
The in-operando XPS and LEISS experiments of GaSb under ion irradiation are the first experiments to 
investigate the compositional evolution with high temporal resolution before and during the early stages 
of ion-induced nanopatterning. The rigorous development of these techniques, specifically with the 
empirical calibration of the 500eV Ne+ LEISS quantification and the use of the Sb4d and Ga3d XPS 
regions, show the importance of understanding the information depth of the techniques used with surfaces 
that have a non-uniform depth profile. Previous compositional studies investigating the composition of 
GaSb under ion irradiation have been in overall disagreements, with Le Roy et al showing very high Ga 
enrichment of the surface [7], El-Atwani et al showing either Sb or Ga enrichment depending on ion 
energy [2, 8, 9], and Yu et al showing high Sb surface enrichment [10]. The combined in-operando XPS 
and LEISS studies done in this dissertation show that just before ion-induced nanopatterning formation, 
the very surface is highly enriched with Sb (>70%) and that the sub-surface region is Ga enriched. This 
non-uniform depth profile is very consistent with the expected profile caused be ion-induced Gibbsian 
segregation as being the primary compositional driving mechanism at the surface of GaSb before ion-





As seen with other experimental works in the field of ion-induced nanopatterning of GaSb, experimental 
results are not enough to draw concrete conclusions describing the driving mechanisms leading to 
nanopattern formation. With work led by Mike Lively, a massive-scale MD simulation of the GaSb 
surface under 500eV Kr+ ion irradiation was performed, with a pre-constructed compositional depth 
profile based on the previous experimental works. The results of the MD simulation show the segregation 
of both Sb and Ga from the GaSb matrix, leading to the formation of Sb and Ga clusters. While this result 
is based on a compositional gradient existing at the surface, the in-operando experiments presented in this 
work confirm that just before ion-induced nanopatterning this gradient does exist for all ion conditions. 
These MD results, combined with the known topographical and compositional surface evolution 
measured with the in-operando techniques, suggest that ion-induced segregation of Sb to the surface 
creates the compositional gradient necessary for Ga and Sb phase separation to occur. Additionally, this 
phase separation is predicted based on the phase diagram of GaSb; GaSb only exists as a 1:1 
stoichiometric compound and any deviation would result in phase separation. This phase separation leads 
to the formation of Ga and Sb cluster formation in the sub-surface of GaSb and ultimately leads to a 
sputter shield type mechanism resulting in the cone-like nanofeatures observed. In short, the following 
conclusions and conjectures are made from the in-operando study of ion-induced nanopatterning of GaSb:  
• Ion threshold fluence shown for all ion irradiations of GaSb, with the topography evolution just 
before nanopattern formation showing minimal change and little to no coarsening – suggests a 
compositionally driven mechanism leading nanopattern formation.  
• Very high Sb surface enrichment with Ga sub-surface enrichment shown for all ion conditions, 
showing that ion-induced Gibbsian segregation is the primary compositional driving mechanism 
of the GaSb surface under ion irradiation. 
• Massive scale MD simulations of a pre-constructed GaSb surface based on the experimentally 




• Results suggest that the measured Gibbsian segregation of Sb to the surface leads to phase 
separation and Ga/Sb cluster formation. The formed clusters than lead to a sputter shield 
mechanism that ultimately leads to the observed ion-induced nanopatterns on GaSb. 
The temperature study investigated the effects of cryogenic and high temperatures on ion-induced 
nanopatterning of GaSb. The results for this study were a bit unexpected, especially for the room 
temperature irradiations of GaSb. Specifically, no ion-induced nanopatterning was observed for 500eV 
Ar+ irradiations under 100C and for 500eV Kr+ irradiations under 300C, despite going up to an ion 
fluence of 2E18cm-2 – well past the ion fluence threshold for nanopatterning. However, for the high 
temperature patterns that did form, the diameter and height of the nanofeatures, as measured with AFM, 
are shown to increase drastically with increasing sample temperature. In addition, the overall order of the 
nanopatterns is also shown to decrease with sample temperature. These results are not consistent with the 
reverse-epitaxy work performed by Ou et al in which crystalline nanoridges were shown to form on the 
surface of GaAs and InSb at elevated temperatures [11]. However, these results are consistent with the 
expected mechanisms driving ion-induced nanopatterning of GaSb. Higher sample temperatures would 
lead to an enhanced Gibbsian segregation of Sb to the GaSb surface and would very feasibly increase the 
Ga and Sb cluster formation. In addition, surface diffusion mechanisms – particularly the ES barrier – 
would also play a significant role with higher temperatures, leading to the larger sizes observed with 
temperature. 
The last experimental investigation for this dissertation was the investigation and process control 
experiments looking at ion-induced nanopatterning of the Au-Si system. The purpose of this chapter was 
to look at the compositional evolution of the Au-Si system up to the expected formation of ion-induced 
nanofeatures and to utilize the developed in-operando XPS and LEISS techniques as a process control for 
stopping ion irradiation at specific Au surface compositions. The partial removal results showed that the 
in-operando XPS and LEISS techniques were both successful in controlling the amount of Au removed 




the more reliable and sensitive technique over XPS. The in-operando XPS technique requires the X-ray 
source to be inserted within centimeters of the sample surface during ion irradiation. This leads to the 
slow process of sputtering sample material onto the Al window of the X-ray source, ultimately leading to 
the need to replace the Al window. In addition, the in-operando LEISS was shown to be more sensitive in 
measuring Au composition than the in-operando XPS, with the LEISS clearly showing <2% Au 
remaining after the XPS could no longer resolve the Au peaks. Ultimately, these results show the 
potential of the in-operando XPS and LEISS techniques. In addition to investigating the surface 
compositional evolution under ion irradiation, these techniques can also be used to control ion irradiation 
or deposition processes to achieve a specific surface composition. For example, these techniques can be 
easily applied to depositing a specific amount of Li on fusion relevant materials.  
As for the ion-induced nanopatterning results from the Au-Si system, no nanofeatures were observed for 
the primary experiments looking at 1keV Kr+ and 500eV Ar+ irradiations. In quantifying the Si2p and 
Au4f XPS peaks versus ion fluence, it was also found that the peak shifts correspond to changes in the 
surface charge state and not to the formation of a metastable gold silicide. This is in contrast to the results 
obtained by El-Atwani [12]. Additionally, broad beam irradiations were performed with a source known 
to produce Mo contamination. These results show that nanofeatures form when Mo contamination is 
present on the surface. These results suggest that the lack of gold silicide formation results in no ion-
induced nanofeature formation and that likely previous results were due to Mo contamination. 
7.1 Proposed future work 
 
The most significant aspect of the work presented in this dissertation was the comprehensive 
topographical and compositional study on the GaSb system under ion irradiation. However, this is not the 
only multicomponent semiconductor that forms self-organized nanopatterns during ion irradiation. GaAs, 




nanopatterns under specific conditions [2, 13]. In particular, El-Atwani et al was able to show that GaAs 
only formed ion-induced nanopatterns for Kr+ and Xe+ ions, irradiations with Ne+ and Ar+ resulting in no 
nanopatterns at all [2]. If similar driving mechanisms are involved with the ion-induced nanopatterning of 
GaAs and GaSb, then this suggests that no phase separation occurs with Ne+ and Ar+ irradiation, but does 
occur with Kr+ and Xe+ irradiations. Utilizing the in-operando XPS and LEISS techniques, the 
compositional evolution of GaAs can be investigated to see if surface enrichment of Ga or As occurs with 
Kr+ and Xe+ ion irradiations, but not with Ne+ or Ar+ irradiations. Additionally, the development of other 
in-operando techniques, namely optical spectroscopy techniques such as Raman spectroscopy and 
photoluminescence spectroscopy would further enhance the in-operando characterization techniques and 
allow for more sensitive and direct measurement of metallic cluster formation, such as the Ga and Sb 
clusters conjectured to form with GaSb.  
The temperature study of ion-induced nanopatterning brought up more questions than the study actually 
answered, showing that ion-induced nanopatterning of GaSb at high temperatures does not lead to a 
reverse-epitaxy nanopatterning regime. In fact, the results showed that higher temperature increased the 
ion-induced nanofeature sizes either from a temperature enhanced phase separation leading to larger 
Ga/Sb clusters or from the drastic increase in surface diffusion mechanisms, or both. A compositional 
study of the ion-induced nanofeatures using LEISS and XPS would be critical in understanding how the 
high temperatures affect the nanopatterning process. Additionally, the nanopatterning attempts at the 
cryogenic temperatures never resulted in ion-induced nanopatterns – likely a result of an increased 
threshold fluence as compared to the high temperature studies. Performing more irradiations at these 
lower temperatures, specifically when the surface diffusion mechanisms are at a minimum, would also 






Finally, the Au-Si work showed that no ion-induced nanopatterns occurred, even after the full removal of 
Au was achieved. This is likely a result of no gold-silicide formation during ion irradiation due to Au and 
Si being immiscible. However, further work can be performed with other thin-film metals on silicon in 
order to investigate and achieve the ion-induced nanopatterns previously observed. Specifically, choosing 
metal thin-films that are known to form metal silicides would be ideal and the in-operando XPS technique 
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